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The Cover: Smooth and uniform 50- to 
300-µm-thick deuterium–tritium (DT) layers on the
interior of 1- to 3-mm-diam spherical capsules are
required for ignitable inertial confinement fusion tar-
gets for the National Ignition Facility. In addition, sev-
eral implosion hydrodynamics issues of cryogenic
targets can be investigated with deuterium hydride
(HD) or deuterium (D2) without the difficulties of 
handling high pressure tritium. 

One way to form these layers is to initially freeze
hydrogen (DT, HD, or D2) to an anisotropic multicrys-
talline solid inside a capsule and then allow a volumet-
ric heat generation to symmetrize the layer. Volumetric
heat generation is provided by tritium decay for DT
and, in the case of HD or D2, by pumping the collision-
ally induced infrared (IR) vibration-rotation band in
the solid. The volumetric heating causes the thicker
regions of the solid to have a higher temperature and
thus a higher vapor pressure. This results in a redistri-
bution of the solid until the inner solid surface is
isothermal. We have developed alternate techniques
for growing layers by slowly cooling the hydrogen
through the triple point. The images on the front cover
show the growth of a solid layer from the liquid. These
experiments are described more fully in the article
“Forming Uniform Deuterium Hydride and
Deuterium–Tritium Layers in Shells” on p.131. 

On the We b :
h t t p : / / l a s e r s . l l n l . g o v / l a s e r s / p u b s / i c f q . h t m l

Work performed under the auspices of the U.S. Department of
Energy by Lawrence Livermore National Laboratory under Contract
W–7405–Eng–48.
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FOREWORD
As the incredible construction effort to build the National Ignition Facility (NIF)

at Lawrence Livermore National Laboratory (LLNL) reaches its midpoint, we re f l e c t
on the inspiring scientific endeavor it re p resents: to get ignition by inertial confine-
ment fusion in a laboratory. Ignition on a laboratory scale will be one of the gre a t e s t
scientific achievements of our generation. To achieve it, however, we must discover,
develop, and cultivate a broad spectrum of scientific frontiers; this Quarterly Report i s
a snapshot of the broad scientific foundation being constructed. The scientific
“bricks” laid down here are significantly more mature and detailed than those only a
couple of years ago. A good example of this maturity is shown in the cover article
“Forming Uniform Deuterium Hydride and Deuterium–Tritium Layers in Shells” on
p. 131, which reveals a significant achievement in condensed-matter physics and the
engineering of ignition targets. Very smooth and thick layers of solid deuterium–tri-
tium (DT) on the inside of 1-mm-radius spherical shells are re q u i red for all ignition
capsule designs for the NIF. However, because solid hydrogen near its triple-point
t e m p e r a t u re rapidly forms large HCP crystals with flat facets, it has been difficult to
form such layers. The work summarized in this article describes a technique for
g rowing such spherical crystal shells of DT for ignition targets and HD or D2 for sur-
rogate target designs. 

The work described in “Sensitivity Studies of Power Imbalance and Asymmetry
for NIF Indirect Drive” on p. 140 is part of an ongoing effort to improve, tighten,
and distribute the error budget over the many parts of an ignition experiment.
Initial specifications for laser power balance and pointing accuracy for indirect
drive were established several years ago. This article refines earlier work by using
the expected NIF illumination geometry and laser configuration (48 laser-beam
quads each with four beams instead of 192 independent beams) and uses a statisti-
cal model of the NIF power balance. 

To achieve the required radiation drive temperatures on the NIF, it is critical that
we control the amount of laser energy scattered out of a NIF hohlraum from both
stimulated Raman scattering (SRS) and stimulated Brillouin scattering (SBS). These
instabilities are seeded by hot spots in the laser footprint. To reduce these instabili-
ties, several beam-smoothing techniques have been developed over the years.
“Calculating and Measuring the Effects of Polarization Smoothing on Scattering
Instabilities in a NIF-Like Plasma” on p. 155 presents simulations and experiments
confirm that polarization smoothing, which reduces spatial inhomogeneities at
short time scales, combined with smoothing by spectral dispersion, provides the
greatest reduction yet achieved for SBS and SRS. 

One reason the NIF is an affordable project is that new laser technologies have
provided significant cost reductions, as exemplified in the NIF amplifiers. “Design
and Performance of Flashlamp-Pumped Nd:Glass Amplifiers for the NIF” on p. 162
describes the design and performance of the cost-efficient, compact, combined-
beam, large-aperture amplifier to be used on the NIF. 

Finally, hohlraum energetics is a key to understanding all indirect-drive mea-
surements as well as designing NIF ignition targets, as discussed in “Status of Our
Understanding and Modeling of Ignition Hohlraum X-Ray Coupling Efficiency” on
p. 171. Current LASNEX simulations are shown to accurately model the drive for
several different hohlraum designs on both the Nova and Omega lasers (at LLNL
and at the University of Rochester’s Laboratory for Laser Energetics, respectively).
These results, which cover a variety of different pulse shapes lasting from 1 to 14 ns,
provide confidence that the model drive used for NIF ignition target designs is
accurate. 

Gilbert Collins
Scientific Editor
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Introduction
Smooth and uniform, 50- to 300-µm-thick 

deuterium–tritium (DT) layers on the interior of 
1- to 3-mm-diam spherical capsules are required for
ignitable inertial confinement fusion (ICF) targets for
the National Ignition Facility (NIF).1 One way to form
such layers is to initially freeze DT to an anisotropic,
multicrystalline solid inside a capsule and then 
allow the tritium-decay volumetric heat generation,
QDT = 0.05 W/cm3, to symmetrize the layer.
Volumetric heating causes the thicker regions of the
solid to have a higher temperature, thus higher vapor
pressure. The result is a redistribution of the solid until
the inner DT surface is isothermal. The time constant
for such redistribution (when no 3He is present) is 
τ0 = Hsρ/QDT = 27 min, where Hs is the heat of 
sublimation (1580 J/mole), and ρ is the density
(0.0503 moles/cm3) (Ref. 2). If bulk heating were the
only factor controlling the layer profile, DT would
form a uniform spherical layer inside an isothermal
spherical capsule. However, crystal surface stiffness
contributes to the final layer shape. The surface
smoothes until the thermal energy associated with
material redistribution is comparable to the surface
energy gained in having to form a higher-energy 
viscinal surface.3 The surface structure of a multicrys-
talline DT film is a function of the DT bulk heating 
rate and the distribution of crystallite sizes and orien-
tations, which are determined by the initial nucleation
and growth.4

Several implosion hydrodynamics issues of cryo-
genic targets can be investigated with deuterium
hydride (HD) or deuterium (D2) without the hazards
of handling high-pressure tritium. To generate bulk

heat for mass redistribution without tritium radiation,
we pump the collisionally induced, infrared (IR) vibra-
tion–rotation band. We regulate the solid volumetric
heating rate QIR, thus the redistribution rate 1/τIR, and
surface roughness by controlling the incident IR inten-
sity. We have measured laser-power-limited 1/τIR
(thus QIR) in HD up to 10 times higher than the DT
value. The maximum QIR for hydrogen isotopes is 
limited by the vibrational relaxation time to QIR ≈ 
1000 QDT.5 Such large QIR values enable us to control
the hydrogen layer profile and to explore the redistri-
bution process of laser-heated solids.

Forming Uniform HD Layers 
in Shells

Experimental Overview
We previously measured redistribution time con-

stants τIR from IR illumination of both solid HD and
D2 at several different wavelengths versus incident IR
flux to determine QIR.6,7 Our redistribution experi-
ments showed that the illumination of a solid sample
with IR radiation resulted in redistribution of the solid
in a manner analogous to that seen with tritium heat
generation in DT. In a second series of experiments
using a similar experimental design, but with a larger
sapphire cell, we investigated the surface roughness of
a layer formed by illuminating the solid with IR. The
illumination pattern of the IR was found to have sig-
nificant influence on layer shape. The resultant phase-
shifting interferometric analysis revealed that surface
perturbations with spatial extent greater than the layer
thickness have amplitudes that decrease with increas-
ing volumetric heating. The minimum roughness
achieved at a given volumetric heating rate was found
to depend on the nucleation and subsequent crystal
growth during freezing. Both of these experiments
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were effectively one dimensional. A laser beam made
one pass coaxially along the inner bore of the cell, and
measurements were made by looking through the side
of the container or coaxially along the bore of the cell.
In the present experiments, we generated 4π illumina-
tion of HD inside a 1-mm–outside-diameter (o.d.)
spherical capsule and observed the evolution of a uni-
form solid layer as a function of time and IR intensity.

Experimental Design and Layout

Several issues needed to be addressed in designing
our experiments. The first issue was the choice of cap-
sule material. The goal was to heat the HD (D2 or DT)
and not the plastic shell. Therefore, it was important to
minimize the amount of IR absorption (heating) by the
capsule. Standard plasma polymer, CH1.3, used in cur-
rent Nova experiments has several absorptions over-
lapping the absorption band for both D2 and HD.
Thus, it would be difficult to redistribute HD or D2 in
shells made of this material. The absorption bands are
primarily CH and OH stretch modes. A broadband
loss of transmission, which may result from IR scatter-
ing, also extends over the entire spectral range of mea-
surement (400 to 5125 cm–1). Therefore, we explored
alternatives and found that a CD plasma polymer
made with deuterated p-xylene monomer and D2 flow
gas does not have corresponding strong CH absorp-
tion lines and has good broadband transmission as
well. Furthermore, whereas the OH absorption band
increased with time in air, it is controlled by keeping
the shell in a dry box. CD plasma polymer was the
shell material used for our experiments (Figure 1).

A second issue was the technique for generating
uniform IR illumination. The experiments on surface
roughness showed that diffuse illumination was neces-
sary to reduce laser-induced coherence effects.

Calculations showed that illumination uniformity to
better than 99% could be achieved8 by using an inte-
grating sphere. The integrating sphere for our experi-
ments was a vacuum-tight enclosure made from
aluminum, with four window ports and an Infragold
coating9 on the inner surface. The Infragold surface is
greater than 96% reflecting at wavelengths of interest.

Although we did not perform a systematic study of
surface roughness as a function of QIR, the smoothest
surfaces were generated at QIR ≈ 200 mW/cm3. Using
this value, we can estimate the IR power requirements
for the integrating sphere. The volumetric heating rate
is related to IR intensity by QIR = αI, where α is the
absorption coefficient [α(HD) ≈ 8/cm], and I is the
intensity. The requisite volumetric heating rate is pro-
duced by injecting sufficient IR into the integrating
sphere to produce the required intensity I0 = QIR/α.
For weakly absorbing layers, I ≈ I0, the incident inten-
sity. The capsule is small compared to the integrating
sphere, so that most of the power losses occur at the
integrating sphere wall and through the viewports.
The injected power only needs to be sufficient to com-
pensate for integrating sphere losses of about 4%. This
results in a linear relation between laser power and
incident intensity, PIS = 0.04I0AIS, where PIS and AIS
are the injected IR power and surface area of the inte-
grating sphere, respectively. Thus, an intensity of I0 =
25 mW/cm2 incident on the 1-mm-o.d. capsule in the
center of a 25-mm–inside-diameter (i.d.) integrating
sphere requires 21 mW of IR.

Finally, asymmetries in the solid layer, arising from
perturbations in the thermal environment caused by
the fill tube, needed to be minimized. The fill tube
essentially acts as a cooling fin on the shell. Thermal
conductance through the fill tube is greater than that of
the surrounding helium exchange gas. The difference
causes the shell area around the fill tube to be cooler
than the rest of the capsule, resulting in formation of a
thicker layer in this region. Various means of attaching
a fill tube to the capsule were investigated and mod-
eled using the finite element code COSMOS. The final
design involved overcoating a composite-shell/fill-
tube mandrel with plasma polymer. The resulting 
capsule was nominally 1-mm o.d. with a 10-µm-thick
wall seamlessly attached to a 1- to 2-mm-long by 
30-µm-o.d. plasma polymer fill-tube extension.10

Figure 2 shows a sketch of the experimental layout.
A CD shell containing HD was placed in the center of
a 25-mm-i.d. integrating sphere filled with roughly 
0.5 Torr of helium exchange gas. The fill line consisted
of three sections: a 0.82-mm-long CD tube attached to a
5-mm-long glass tube, which was, in turn, attached to
a stainless steel tube. The stainless tube extended
through the integrating sphere wall. To minimize IR
absorption in the fill line, the glass tube was gold
coated. The shell containing HD was illuminated
through one pair of viewports by an IR laser beam,
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FIGURE 1. IR transmission
spectra of 4-µm and 14-µm-
thick CD plasma polymer films.
Overlapping absorption-band
ranges for HD and D2 are indi-
cated along the bottom of the
plot. (08-00-1298-2502pb01)



and the layer was monitored along a second orthogonal
axis by backlighting the capsule through one port and
using a Questar microscope on the opposite port for
viewing. Images were acquired periodically during layer
formation using a Photometrics 1317 × 1035 array charg e -
coupled device (CCD) camera attached to the micro-
scope. Real-time monitoring of the layer was done with a
Cohu camera mounted on the microscope eyepiece port.
The integrating sphere was thermally and mechanically
attached to the cold tip of a helium flow cryostat.

Data Collection and Analysis
Procedures

To determine the bulk heating rate, we measured
the redistribution time constant τIR. This measurement
was accomplished by filling the capsule with HD,
rapidly cooling to approximately 15 K to freeze the
HD, and then turning on the IR illumination and col-
lecting images of the evolving layer with time. The HD
thickness was typically small near the top of the shell,
but grew exponentially with time to form a uniform
layer. The exponential time constant is related to the
volumetric heating rate by τIR = Hsρ/QIR.

Roughness of the inner solid surface was deter-
mined by performing a fast Fourier transform (FFT)
analysis of the bright band in the CCD camera images.
The bright band can be understood by performing a
ray trace11 through a 1-mm-o.d. shell containing a uni-
form layer inside an integrating sphere with 4-mm-o.d.
ports. The HD-filled capsule acts as a weak, negative

lens, resulting in light near the edge of the shell being
refracted out of the field of view. Rays internally
reflected off the inner solid surface do not leave the field
of view and travel through the shell and integrating
s p h e re viewport to the collection optics. Figure 3a shows
a closeup view of a bundle of rays incident on the cap-
sule. Figure 3b is an expanded view, showing the rays
exiting the integrating sphere through a viewport.
Bundles of rays incident on the shell at the largest inci-
dent angles consistent with our optical arrangement
w e re traced and found to produce the same bright band.

Refraction also affects the determination of layer
thickness. Typically, layer thickness is determined by
acquiring an image with the CCD camera, measuring
the distance from the bright band to the edge of the
shell in pixels, comparing that to the measured dis-
tance across the diameter of the shell, also in pixels,
and scaling pixels to micrometers using the shell diam-
eter previously determined by standard characteriza-
tion techniques.12 If the microscope is focused at the
center plane of the shell, then by using this method,
one assumes that the rays from the bright band extrap-
olate in a straight line back to the center of the shell.
Figure 3a shows a dashed line extrapolating the rays to
the center plane of the shell. The measured, or appar-
ent, layer thickness determined from a camera image is
less than the actual layer thickness by the difference
between the dashed line and the inner solid surface. To
estimate the actual layer thickness, a simple model was
generated to calculate both apparent and actual layer
thicknesses inside a 10-µm-thick, 1-mm-o.d. plastic
shell. The results in Figure 4 show that refractive
effects have a significant impact on the measurement
of thin layers, especially those less than 100 µm. For
example, a 100-µm-thick layer would appear to be only
45 µm thick on the image.

Once the images were shot and stored, the objective
of the experiment was to extract an estimate of surface
roughness from the stored data. We previously 
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FIGURE 2. Experimental layout indicating the viewing axis and IR
injection axis. Sapphire ball lenses on the integrating sphere ports
spread the IR beam in an f/1 cone. (08-00-1298-2503pb01)

FIGURE 3. (a) Ray trace plot showing the reflection of light off the
inner solid surface. (b) Most such light passes out of the integrating
sphere through the viewport. (08-00-1298-2504pb01)



developed software that locates the surface of the solid
in the image.3 The resultant 1D estimate of solid thick-
ness variations are Fourier transformed to estimate the
power spectrum of perturbations on the solid layer.

The software begins by taking an estimate of the
center of the bright band in the image and drawing a
ray from the center to the edge. At 1-pixel increments
along the ray, the intensity is estimated by fitting a
plane to the four neighboring pixel values and interpo-
lating to obtain the intensity at the point on the ray.
This procedure is done for a series of rays offset by
some given angular increment to generate an image of
the target in polar coordinates. Each column in the
image is then processed to locate the light-to-dark tran-
sition associated with the inner edge of the solid.
Estimates of the locations of the edge of the bright
band are averaged to give a new value of the center of
the bright band, and the image is reprocessed until the
estimates converge.

A large step in intensity occurs at the inner edge of
the solid. Refraction at the inner edge creates intensity

minima in the spherical geometry, which are located
using an algorithm to find the minima in each ray.
Minima are sorted by depth for each ray to give an
array of locations as a function of angle for each feature .
The profiles can be Fourier transformed and the re s u l t s
used to calculate power spectra for the surfaces. Because
we do not locate the shell edge, we do not determine the
o ffset of the inner surface from the capsule (Fourier
mode 1), but fit Fourier modes 2 through 128.

Results and Discussion

Layers grown by the rapid-cooling technique typi-
cally result in rough, multicrystalline surfaces. Figure 5
shows the evolution of one of the rough layers in
which the volumetric heating rate was ~250 mW/cm3

(or 5 QDT). The layering process began by performing
a controlled liquid fill. Once sufficient liquid was
inside the capsule (Figure 5a), the temperature was
quickly lowered to freeze the solid (Figure 5b). The
randomly grown solid was then illuminated with IR
radiation, and redistribution of the solid was recorded
with time. Figure 5c shows the resultant layer.

To improve the quality of the inner solid surface, we
developed a second technique. The technique is cur-
rently performed by manually entering the tempera-
ture into a temperature controller while viewing the
layer evolution on a monitor. To grow higher-quality
layers, we freeze the HD, inject IR radiation into the
integrating sphere, raise the temperature of the capsule
until the solid just finishes melting, and slowly lower
the temperature in approximately 0.005-K steps until
freezing onset occurs, at which point the temperature
is no longer lowered. If solidification appears to stop,
then the temperature would be lowered in 0.005-K
steps until a uniform layer forms. Images of the evolv-
ing layer were recorded with time. Figure 6 shows an
approximately 200-µm-thick layer grown by this tech-
nique. Figure 7 is the power spectrum for the solid
layer in Figure 6d. The resultant rms for this layer is
2.24 µm. This technique is slightly different from the
slow-growth technique used for DT layers, which is
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FIGURE 4. Apparent versus actual layer thickness inside a 
1-mm-o.d. shell. (08-00-1298-2505pb01)

FIGURE 5. To generate a layer
from the solid, (a) the capsule is
filled with liquid at 16.6 K,
(b) the temperature is lowered
to 15.8 K to form solid, and 
(c) upon application of IR, the
solid redistributes to form a
layer. Layers typically have a
rough surface, even after 16 hr
in this case.
(08-00-1298-2506pb01)



discussed later in this article. Because DT is a mixture,
there is no triple point as in a single-component system
(D2), but a three-phase region. The slow-growth tech-
nique cools the DT slowly through this region.

Laser power and temperature stability affect the
growth of the solid. Higher-quality layers were formed
when the temperature was controlled to at least ±5 mK
under stable laser power. The impact of the laser is
twofold. In addition to generating a given volumetric
heating rate, the absorbed energy also raises the tem-
perature of the solid. Variations in laser power cause
both volumetric heating rate and temperature varia-
tions. Large temperature fluctuations cause the HD to
melt and freeze too rapidly, resulting in rough layers.
When both systems were stable, it typically took about
one hour for layer completion.

As shown in Figures 5c and 6d, some features in the
layers are similar in these images. One is a “bump” (or
flat spot) near the fill tube. The fill tube has higher
thermal conductivity than the surrounding helium
exchange gas, producing a cold spot at the fill-
tube–shell junction and resulting in a thickening or
bump in the layer. The only way to remove this feature
is to eliminate the fill tube. The second pair of features,
seen at the shell equator, is due to the IR injection
method. The IR is injected along an axis through the
equator of the shell, resulting in more intense illumina-
tion than from the rest of the integrating sphere. The
locally warmer areas result in thin spots in the layer.
Such features can be removed by alternative injection
techniques, such as shaping the beam, inserting a
beam block in front of the shell, or, more easily, by ini-
tially directing the beam to miss the shell instead of
passing through it.

Figure 8 shows a 180-µm layer produced by directly
injecting the beam into the integrating sphere. For this
arrangement, the sapphire balls were removed, and
one beam was injected off-axis at an angle of 11°
through the integrating sphere window. Such injection
permitted the ~2.5-mm-diam beam to pass through the
window, miss the shell, and hit the integrating sphere
wall. A thickening of the layer near the fill tube can
still be detected, but the thin spots at the equator seen
in the previous arrangement are gone. Layers grown
using IR illumination are comparable to DT layers
grown by the slow-freeze technique. Figure 9 shows
the power spectrum for this layer and, for comparison,

135

FORMING UNIFORM DEUTERIUM HYDRIDE AND DEUTERIUM–TRITIUM LAYERS IN SHELLS

UCRL-LR-105821-98-4

FIGURE 6. In an improved layering technique, IR is continually
applied to the capsule. The capsule is warmed to the liquid phase
(16.6 K) and slowly cooled until (a) solid starts forming. The 
temperature is then held constant during the solidification process 
(b through d). (08-00-1298-2507pb01)

FIGURE 7. Power spectrum for the layer shown in Figure 6d. The
rms value of this layer is 2.34 µm. (08-00-1298-2508pb01)

FIGURE 8. Layer formed by
direct injection of the IR laser
beam after removal of sapphire
ball lenses. Thinning of the
layer at the capsule equator is
no longer evident.
(08-00-1298-2509pb01)



a power spectrum for the ~150-µm-thick DT layer
g rown by the slow-freeze technique. The IR-generated
layer has the same general modal shape as the DT layer.

Forming Uniform DT Layers 
in Shells

Experimental Overview
We also conducted experiments on a mixture of

approximately 25% T2, 25% D2, and 50% DT, referred
to as DT. The sample was introduced as a liquid in the
normal rotational state. Throughout the experiment, 
J = 1 to J = 0 conversion occurs continuously, but no
measurements were made of rotational content. Our
experimental setup, data collection, and analysis were
similar to procedures described in a recent paper.13

The main difference between this experiment and the
previous experiment was the replacement of a cylin-
drical sapphire sample cell with a series of 1-mm-diam
plastic shells with 10- to 20-µm-thick walls.

Experimental Design and Layout

A DT ice surface conforms to the isotherms
shaped by the surrounding layering shroud. Because a
smooth, spherical shape was desired, the layering
shroud was a 25.4-mm-diam hollow sphere made of
OFHC copper, shown in Figure 10. This shroud pro-
vided a constant-temperature, spherical boundary
condition. The cell was filled with DT liquid via a fill
tube, as shown in Figure 10. A few Torr of 4He gas
inside the sphere caused conductive cooling of the
plastic shell. The cavity was cooled from the bottom to
minimize convection inside the sphere. This design

allowed us to study layering in a system quite similar
to that required for many ICF target designs.

The plastic shell was placed at the center of the hol-
low sphere. A pair of 3-mm holes and a pair of 5-mm
holes were bored in the layering shroud on perpendic-
ular axes to provide a view of the sample cell. The
holes had negligible effect on the spherical isotherms.
The shroud was placed inside of a vacuum-sealed 
secondary container.

Te m p e r a t u re was measured by two calibrated ger-
manium resistance thermometers (GRTs) placed on the
top and bottom of the copper cavity. The mean value of
the two GRTs was the reported temperature. Te m p e r-
a t u re stability was better than 2 mK over a period of
hours, and temperature resolution was 1 mK.
Calibration was checked by measuring the triple point
of our D2 sample, which was 18.72 K, compared to 
18.73 K reported for nD2.1 4

Because the IR and beta layering experiments were
of similar design, we were able to share re s o u rces. For
example, the shells used for both experiments were
made from CD plasma polymer. In addition, thermal
and ray trace modeling, discussed pre v i o u s l y, were
applicable to both experiments.

Results and Discussion

Figure 11 shows the evolution of the temperature
and rms surface-roughness σ during the course of an
experiment carried out on a 3-day-old sample of DT.
The value of σ was calculated from modes 2 through
128. In this experiment, we cooled slowly through the
triple point at a constant rate of 0.5 mK/min, until the
set-point temperature of 19.78 K was reached. The tem-
perature was then held constant for a period of time.
The DT layer grows during the temperature ramp,
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FIGURE 9. Power spectrum for the layer shown in Figure 8 along
with a DT layer of comparable thickness. (08-00-1298-2510pb01)

FIGURE 10. Layering occurs in a spherically symmetric geometry.
(08-00-1298-2511pb01)



with a single growth front that begins near the top of
the shell. The crystal growth front converges at the bot-
tom of the shell to complete the layer. After formation,
T = 19.78 K, time = 295 min, and σ = 2.65 µm. The layer
continues to smooth, reaching a minimum σ of 1.15 µm
at about 383 min. Afterwards, the layer roughens; how-
e v e r, such behavior is not well understood.

Figure 12 shows the power spectral density for the
layer at 400 and 1000 min. The layer at 400 min is
smoother at all mode numbers, except perhaps at a sin-
gular point at mode 7. Most of the difference between
the two layers occurs in modes 2 to 4.

The freezing rate has a strong effect on layer
smoothness. In Figure 13, σ is plotted for a series of
210-µm layers formed at different freezing rates. For
rates slower than 3 mK/min, a dramatically smoother
layer is produced. At faster freezing rates, the DT
nucleates several small crystals instead of growing
with a single front. Layers with several distinctly
observable crystals are significantly rougher than
those formed from a single nucleation site.

Our data indicate that σ increases with decreasing
layer thickness. Figure 14 shows a collection of all our
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FIGURE 11. The layer smoothes to a minimum value and then
roughens with longer times. (08-00-1298-2512pb01)

FI G U R E 12. An increase in roughness over time after minima is
l a rgely due to effects at modal numbers between 2 and 4, although the
l a rgest relative increase occurs above mode 20. ( 0 8 - 0 0 - 1 2 9 8 - 2 5 1 3 p b 0 1 )

FI G U R E 13. Best surface roughness achieved for a series of 210-µm lay-
ers created with diff e rent cooling rates through the triple point of DT.
( 0 8 - 0 0 - 1 2 9 8 - 2 5 1 4 p b 0 1 )

FI G U R E 14. Thinner ice layers have a larger σ. ( 0 8 - 0 0 - 1 2 9 8 - 2 5 1 5 p b 0 1 )



layering data with cooling rates between 1 and 
2 mK/min and layer thicknesses between 150 and 
225 µm. The 4.2-µm point was for a layer formed at 
the upper end of the cooling rate. Figure 15 shows the
power spectral density for a 152-µm layer and a 
220-µm layer. The thicker layer is substantially
smoother at all mode numbers. This result could be
due to the observed relative ease by which thick layers
nucleate, compared to thin layers. A contributing fac-
tor is the increase in variation of temperature near the
ice–gas interface with thicker layers. That is, δTbump =
Qhδhbump/k, where δT is the variation from the aver-
age temperature at the ice–gas interface, and δh is the
variation from the mean ice thickness.

Surface Roughness Model

The equilibrium ice layer minimizes the total fre e
e n e rgy at constant volume. The thermal gradient re s u l t-
ing from tritium decay heating favors uniform layers;
h o w e v e r, the anisotropic surface energy favors facets.
The curved shell geometry prevents the layer from hav-
ing a single low-energy facet exposed along the entire
surface, and any recrystallization to reorient the surface
is limited by grain-boundary energ y. We can model each
of these energies to understand the layer ro u g h n e s s .

The total free energy per unit length is expressed as

(1)

where C is the specific heat, ρ is the ice density, γs is the
orientation-dependent surface energy, Li is the length
of the crystal facet, γgb is the grain-boundary energy, ti
is the grain-boundary length, and A is the bulk ice area
perpendicular to the cylindrical axis. 

The c-facet for solid deuterium was determined 
to have γ = 6 × 10–3 J/m2 (Ref. 15). The best estimate
for γgb is 0.6 × 10–3 J/m2, or 10% of the surface
energy.16 Using a 1D heat-flow model for a layer with
cylindrical geometry and n regular low-energy facets,
as shown in Figure 17, we find that n = 53 minimizes
the free energy for a 210-µm layer. The corresponding
rms surface roughness is 0.15 µm. The model predicts
that rms surface roughness decreases with increasing
layer thickness out to 300 µm for a 1-mm shell, consis-
tent with the data in Figure 14.17 The magnitude of the
predicted roughness is smaller by a factor of 10 than
the data because of the highly idealized nature of the
model. A more detailed model should include multiple
crystal orientations and grain-boundary energies.
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FIGURE 15. Power spectral density plots indicate that a large
amount of excess power for the thinner layers is in the middle part
of the modal spectrum. (08-00-1298-2516pb01)

FIGURE 16. With a continuous freeze, the layer reaches a minimum
σ early and then degrades. (08-00-1298-2517pb01)

The second type of distinct experiment we carried
out was a slow, continuous freeze through the triple
point of DT to a point well below the triple point.
Figure 16 shows the temperature versus time evolu-
tion and σ versus time plotted on the same graph.
Once again, we observe that the surface reaches a min-
imum roughness, then at later times becomes quite
rough as the layer continues to cool.

Layers at temperatures below TTP – 0.5 K are 
typically rougher than layers produced just below 
TTP. Currently, NIF ignition target designs contain 
80-µm-thick DT layers at 18 K inside a 2-mm-o.d. 
capsule. Our best DT layers are produced just 
below TTP at about 19.7 K. Gas density inside the 
capsule is ρgas = 0.7 mg/cm3, instead of the specified
ρgas = 0.3 mg/cm3, and would therefore change the
convergence of the ignition capsule design.

ET = CρTdA + γ s
i Li

i=1

n

∑
A
∫ + γ gb

i ti
i=1

n

∑  ,

i

ii

ii



Summary

We have presented the first results from beta layer-
ing in 1-mm plastic shells with fill tubes. Our best beta
layers have a roughness as small as 1.2 µm rms for a
210-µm-thick ice layer. Layer smoothness depends on
cooling rate as well as layer thickness. Our best DT ice
layers are formed when freezing through the triple
point is slower than 3 mK/min for 210-µm layers. Data
and simple calculations indicate that thinner layers are
rougher layers.

We have developed a technique to redistribute and
smooth hydrogen (D2, HD, DT, etc.) layers for ICF by
slow solidification with simultaneous pumping of the
rotation–vibration absorption bands of the solid.
Relatively uniform layers can now be grown with a
surface roughness comparable to that of DT. Crystals
formed during a quick freeze to the solid phase are not
readily smoothed by IR heating. Solid layers slowly
grown from the melt were much smoother.
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FIGURE 17. Simplified crystal
geometry in a DT ice layer.
Length of a single crystal facet is
denoted as L, and t is crystal
thickness. (08-00-1298-2518pb01)
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Introduction 
The time-averaged radiation asymmetry on a

National Ignition Facility (NIF) capsule must be kept
to a minimum to achieve high-yield implosions. The
radiation asymmetry has an intrinsic component and a
random component. Intrinsic asymmetry of the drive
arises from a finite number of laser spots on the
hohlraum, the presence of laser entrance holes, and
coupling of Legendre modes between the cylindrical
hohlraum and a spherical capsule. Random asymme-
try arises from random variations in the power and
pointing of each laser spot.

The emphasis of this article is on random
asymmetry. The NIF requirements for power balance
and pointing accuracy have already been established.
The power balance requirement states that the rms “...
deviation in the power delivered by the laser beams
from the specified power shall be less than 8% of the
specified power averaged over any 2-ns time interval.”
Similarly, the pointing specification allows for a 50-µm
rms deviation in the centroids of the laser spots from
their desired locations in the target plane. These speci-
fications are based, in part, on the results of previous
radiation viewfactor and radiation hydrodynamics cal-
culations.1

Our work is a refinement of the earlier work and
differs from it in two ways. First, the illumination
geometry and laser configuration have changed 
substantially since the earlier work was done. The 
previous work was based on a design using 192 inde-
pendent laser spots, whereas the NIF is now config-
ured to have 48 quads, with each quad made of four
beamlets. The spots from each beamlet in a quad
overlap on the hohlraum wall, and the power to each
beamlet in a quad is not completely independent
because the same preamplifier module (PAM) feeds all
beams in a quad. Second, rather than simply randomly
varying the laser power to each spot, we have created

a statistical model of the NIF laser and used it to 
predict power balance as a function of time for a given
pulse shape.

Figure 1 shows laser power versus time for a single
outer-cone beam for the NIF-baseline, 1.8-MJ, indirect-
drive pulse. (For indirect drive, the beams are divided
into inner and outer cones, and pulse shapes for each
are slightly different.) We refer to the initial, low-
intensity part of the pulse (roughly, the first 14 ns of
the pulse) as the foot. We refer to the remainder of the
pulse as the peak. Our overall approach to estimating
flux asymmetry on the capsule for this pulse consisted
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FIGURE 1. Laser power versus time for a single outer-cone beam for
the NIF-baseline, 1.8-MJ, Haan indirect-drive pulse.
(50-00-1298-2545pb01)



of first estimating the random variations in laser
power and pointing as a function of time. To do so, we
developed a statistical model of the NIF laser system.
Next, we used the radiation viewfactor code (Gertie,
which is described in more detail later) to relate the
random power and pointing distributions to flux
asymmetry on the capsule at two times: the middle of
the foot and the middle of the peak. Finally, we decom-
posed the flux asymmetry into Legendre modes and
used linear growth factors from LASNEX capsule cal-
culations to estimate the magnitude of each mode at
ignition.

This article first describes the results of the statisti-
cal model of the NIF laser power balance. The calcula-
tion yields beam-to-beam and quad-to-quad power
balance as a function of time. Next, we describe the
radiation viewfactor calculations. These calculations
yield the sensitivity of capsule flux asymmetry and
spatial rms at ignition to the amount of power imbal-
ance and pointing error. Finally, we provide our best
estimate of capsule flux asymmetry during the foot
and peak, from the power balance results, and use lin-
ear response coefficients to estimate the peak-to-valley
variation in the hot-spot radius at ignition.

Laser Power Imbalance
The time-averaged (2-ns averaging time) deviation

in power of a given beam, P(t), from the desired power
curve P0(t) is

(1)

where u is a dummy variable of integration. The rms
power imbalance is then

(2)

where N is the total number of power-versus-time
curves over which we average. For example, if we
average over 10 shots and all 192 beams, then N is
1920. The NIF requirement is that the rms power
imbalance must be less than 8%.

Power balance is a systemwide issue on the NIF. A
certain level of random variations (also referred to as
shot-to-shot variations or jitter) in power output of a
given beam will occur, and this level will depend on
the jitter levels of various laser subsystems. In addition
to shot-to-shot variations, each of the 192 beams will,
on average, yield a different output pulse if given

identical input pulses. Such repeatable or systematic
differences among beams must be minimized to meet
the power balance requirement. In addition, the power
measurement system must accurately measure the
power history so that adjustments can be made to
bring the output to the required balance.

We have developed a computer model of the NIF
laser system to estimate the power balance. The model
has been used to determine the allocation of random
variations to subsystems, and to develop procedures
for minimizing repeatable differences among beams.

NIF Power Balance Model

Two types of variations in laser performance lead to
power imbalance: random (shot-to-shot) variations and
systematic (repeatable) variations. Figure 2 identifies the
s o u rces of random and repeatable variations in beam
power that are included in our model. The sources are
the optical pulse generation (OPG) subsystem, the 1-µm
l a s e r, and the frequency-conversion and ultraviolet (UV)
optics (0.35-µm) subsystem. Systematic diff e rences are
caused by diff e rences in gain, transmission, beam are a ,
and frequency conversion that repeat from shot to shot.
Random variations are caused by shot-to-shot fluctua-
tions in the OPG output (pulse injected to main laser),
amplifier gain, pulse arrival time, and frequency con-
version. In addition, a 4% rms random uncertainty
arises from measurement of the power.

The laser-output pulse for a given injected pulse is
predicted using the BTGAIN code.2 BTGAIN models
the propagation of an optical pulse through a laser
chain consisting of a series of components having spec-
ified transmissions and gains. For the calculations in
our study, the transmissions and gains represent aver-
age values over the beam cross-sectional area.
Elements having gain (amplifier slabs) are modeled
using Frantz–Nodvik theory,3 which accounts for the
gain depletion of an amplifying medium as an optical
pulse travels through it.
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FIGURE 2. Schematic of the NIF laser showing sources of power
balance included in the model. (50-00-1298-2546pb01)



Frequency conversion is calculated within BTGAIN
from a table relating 1ω input intensity to 3ω output
intensity. The conversion table is generated in a sepa-
rate step by the THGFT02 code,4 which calculates the
frequency conversion for an arrangement of
conversion crystals of given thicknesses and angles
with respect to the beam axis (detuning angles). A
decrease in frequency-conversion efficiency with
imposed bandwidth is included.

The NIF model consists of 192 beams having repeat-
able differences in performance. That is, given identi-
cal input pulses, the beams produce different output
pulses. The repeatable differences are modeled by
assuming a random variation in optical properties
(transmission, gain, frequency-conversion efficiency,
and so forth) of the components that make up each
beam. Table 1 shows the mean values and standard
deviations of the amplifier gain coefficient and trans-
missions of optical components. The gains and trans-
missions are assumed to obey a Gaussian distribution.
The mean values and standard deviations in Table 1
are consistent with the NIF optical specifications for
the various components.

Each of the 192 beams has its own frequency-
conversion curve (3ω versus 1ω intensity) that repre-
sents the repeatable performance of each converter.
The baseline frequency converter has a doubler crystal
thickness of 11.0 mm, a tripler crystal thickness of 
9.0 mm, a doubler detuning angle of 240 µrad, a tripler
detuning angle of 30 µrad, and 30 GHz of bandwidth.
Systematic differences in frequency conversion are
assumed to arise from beam-to-beam variations in
average crystal thickness and from beam-to-beam 
variations in the effective detuning angle between the

beam axis and the doubler crystal (the tripler crystal
conversion is relatively insensitive to angle).

Figure 3 shows the power imbalance for beams with
crystal thickness or doubler detuning angle different
from that for the reference converter, compared to the
same beam with the reference converter. We assume
the doubler thickness varies uniformly from 11.0 to
11.2 mm, resulting in a 2% variation in frequency-
conversion efficiency at the foot intensity, and less
variation at higher intensity. Similarly, the tripler thick-
ness varies from 9.0 to 9.2 mm, which results in a 3%
variation in conversion efficiency at the foot intensity,
and less at higher intensity.

Spatial nonuniformities in the crystals cause the
local detuning angle to vary across a given crystal. The
spatial variation in angles will differ for each crystal,
so the overall (spatially integrated) conversion effi-
ciency will vary systematically from beam to beam. We
assumed that the distribution of conversion efficiencies
among beams could be modeled by a Gaussian spread
in the doubler detuning angle with a standard devia-
tion of 28.6 µrad. The result is about a 3.5% rms devia-
tion in frequency-conversion efficiency at the foot
intensity, and less deviation at higher intensity.
Because our assumption is highly conservative, actual
systematic differences among crystals should be less
than this value.

In addition to systematic differences among the 
192 beams, the output of each beam will vary ran-
domly from shot to shot about its average. Random
variations in laser output depend on several factors,
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FIGURE 3. Power imbalance versus time for beams having different
frequency-conversion crystal thicknesses or detuning angles than
the reference beam. (50-00-1298-2547pb01)

TABLE 1.  Mean and standard deviation (sigma) of component
gains and transmissions.

Component Mean value Sigma

Amplifier gain coefficient 0.05/cm 0.00125/cm

Transmission coefficients
Laser glass at Brewster’s angle 0.9945 0.0015
Sol gel AR per surface 0.995 0.0015
KDP switch crystal 0.934 0.002
Polarizer transmission 0.97 0.005
Polarizer reflection 0.98 0.002
Multilayer dielctric mirror 0.99 0.0015
Doubling-crystal AR per surface 0.995 0.0015
Tripling-crystal AR per surface 0.995 0.0015
Focus lens 0.99 0.0015
Color-separation grating 0.977 0.005
Kinematic phase plate 0.97 0.003
Debris shield 0.98 0.003



some of which are correlated for beams in the same
quad or bundle (a bundle is a pair of quads driven by a
common set of capacitor banks). The fact that some
variations are correlated among beams is important
because the power imbalance will be greater than if the
beams were completely independent.

Table 2 lists the sources of jitter in measured power,
shows the allowable rms variation for each source (in
some cases, values were established as a result of this
study), and shows how the source is correlated among
beams. For example, random variations in the injected
pulse from the OPG are due to variations in gains of
the regenerative and rod amplifiers that are part of
each PAM. Because there is one PAM per quad, this
source is correlated for beams within a quad. Pairs of
quads (bundles) are driven by common capacitor
banks, so the jitter in the main amplifier gains is corre-
lated for the eight beams in a bundle. Jitter in the
pulse-arrival time results in power imbalance only
when the pulse shape is changing. For the Haan pulse,
timing jitter contributes a maximum of 3.2% rms
power imbalance during the period of steepest slope
just before peak power. The allocated jitter in the dou-
bler detuning angle (from jitter in the beam angle)
results in 1.9% rms variation in frequency conversion
at the foot intensity, and less at higher intensity.

Influence of Frequency Conversion
and Gain Saturation on Power
Balance

Frequency conversion and gain saturation have
large effects on the time-dependence of power imbal-
ance for shaped pulses. First, the intensity dependence
of conversion efficiency amplifies the 1ω power imbal-
ance, especially at low intensity. Second, gain satura-
tion tends to reduce power imbalance, especially late
in the pulse when gain saturation is greatest. Both 

factors tend to make the power imbalance the largest
at the beginning, or foot, of the pulse when the inten-
sity is lowest.

Figure 4 shows conversion efficiency as a function
of 3ω intensity. At an intensity of 0.043 GW/cm2,
which corresponds to the foot of the Haan, 1.8-MJ,
indirect-drive pulse, the frequency-conversion effi-
ciency increases rapidly with increasing intensity. At
the peak intensity of the Haan, 1.8-MJ pulse, the varia-
tion with intensity is much less.
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TABLE 2.  Subsystem allocations and correlations for sources of
random power imblance.

Source Allocation Correlation

Injected power 3% Beams in a quad (4)
(from OPG)

Amplifier gain 2% Beams in a bundle (8)

Frequency conversion 16 µrad Uncorrelated

Pulse timing 30 ps 40% quad, 
60% uncorrelated

Measurement 4% Uncorrelated

FIGURE 4. Frequency-conversion efficiency versus 3ω intensity.
(50-00-1298-2548pb01)

In general, 3ω intensity out of the frequency con-
verter is related to 1ω intensity into the converter by

(3)

where the exponent n varies between 3 at very low
intensities and 1 at very high intensities. Taking the
logarithmic derivative of this expression, we find that
the change in intensities is related by

(4)

Figure 5 shows the exponent n as a function of 3ω
intensity. In the foot of the pulse, the 1ω power balance
entering the frequency converter is amplified by a 
factor of 2.4. At the peak of the pulse, the amplification

I3ω ≈ I1ω
n  ,

∆I3ω
I3ω

= n
∆I1ω
I1ω

 .



is only about 1.2.
As energy is extracted from amplifier slabs during a

laser pulse, fewer excited atoms remain in the glass,
and the gain is reduced. We call the ratio of small sig-
nal gain to actual gain the saturated gain ratio (or
square pulse distortion). Figure 6 shows the saturated
gain ratio as a function of time during the Haan pulse.
The ratio increases from about 1.7 at the beginning of
the pulse to more than 20 by the end. The reason the
gain ratio is not 1 at t = 0 is that this is a multipass
laser. During the final pass through the laser, even the
foot of the pulse is passing through laser slabs that
have already had significant energy extracted by previ-
ous passes of the entire pulse. The curve in Figure 6 is
specific to the Haan pulse, but it is possible to write a
more general expression for the gain ratio as a function
of the amount of 1ω energy extracted from the laser.
For a single-pass amplifier, there is a simple analytical
expression; however, for the multistage, multipass NIF
design, the expression is not so simple. Using
BTGAIN, we obtained the following curve fit

R(E) = A exp(BE), (5)

where E(t) is the ratio of amount of 1ω fluence (energy
per area) extracted from the laser at a given time in a
pulse to the saturation fluence (4.5 J/cm2). The coeffi-
cients A and B depend on the total amount of normal-
ized 1ω extracted fluence Etot. The coefficients are
A = 0.79174 + 0.0093524 (Etot) + 0.0013361 (Etot)

2 , (6)

and

B = 1.2078 – 0.55346(Etot) + 0.56418 (Etot)
2

–0.22564(Etot)
3 + 0.035275(Etot)

4 . (7)

The expression is independent of pulse shape,
and it applies for Et o t f rom 0.8 to 3.4. For the 1.8-MJ
Haan pulse, Et o t is about 3.4.

If we know how the laser saturation and 
f requency-conversion exponent vary as a function 
of time for a given pulse, then we can estimate the
random component of 1ω power imbalance as a
function of time. Ignoring timing errors, the varia-
tion in 1ω power depends on the amount of varia-
tion in injected power (from the OPG) and the gain.
Using a simplified analysis for a single-pass laser,
and assuming that the logarithmic derivatives of the
injected power and gain do not change significantly
during the pulse, the 1ω power balance is related to
these two sources by

(8)

As energy is extracted from the laser, the gain ratio
increases, and 1ω power imbalance decreases. To
obtain the contribution of this part of the 1ω power
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FIGURE 5. 1ω to 3ω power imbalance amplification factor versus 3ω
intensity. (50-00-1298-2549pb01)

FIGURE 6. Saturated gain ratio versus time for the 1.8-MJ Haan
pulse. (50-00-1298-2550pb01)
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imbalance to 3ω power imbalance, we simply multiply
the above expression by the frequency-conversion
exponent. By adding this contribution in quadrature
with estimates of the remaining contributions to 
power imbalance, we could estimate the power 
imbalance as a function of time. However, for highly
saturated pulses, it is more accurate to extract the time-
dependent 3ω power imbalance directly from BTGAIN
calculations, which is what we have done in this work.

Minimizing Systematic Variations in
Laser Power

By systematic variations in laser power, we mean
that if the same pulse is repeatedly injected into a
given laser beam, it will, on average, yield an output
pulse that differs somewhat from the output pulse of
the average beam. Systematic differences can arise
from several factors, including differences in beam
area, component transmissions, amplifier gains, and
frequency conversion. Systematic variations in laser-
power output must be made as small as possible  for
the system to meet the power balance requirement.

The simplest and most effective way to compensate
for systematic differences is to increase the injected
energy to consistently low beams and decrease injected
energy to consistently high beams to minimize the sys-
tematic power imbalance at t = 1 ns, where the power
imbalance is always highest for shaped, indirect-drive
pulses. This approach works well because gain satura-
tion and the intensity dependence of frequency con-
version allow us to adjust the power in the foot of the
pulse without changing the power imbalance in the
peak very much.

Such a procedure requires setup shots in which all
beams are given the same injected pulse, and the
power in the foot of each pulse is measured and com-
pared to the average value. The injected pulse is a
nearly flat, 20-ns pulse that yields a flat output pulse at
the same intensity as the foot of the Haan pulse.
Because the pulse is flat, power can be inferred from
an energy measurement, whose accuracy is better
(2.8%) than that of the power measurement (4%). By
averaging over four shots for each beam, accuracy is
further improved to 1.4%. The injected energy to each
beam is then adjusted to eliminate the systematic dif-
ference in power at t = 1 ns. The energy to each beam is
adjusted by setting the PAM energy and adjusting the
half-wave plates in the optics that split the beam from
the PAM into four beams.

Although it is somewhat surprising, it appears that
using a single input pulse shape (calculated by
BTGAIN using average laser components) for all 48
PAMs is sufficient. That is, setting 48 different input
pulse shapes to tune out systematic quad-to-quad dif-

ferences results in only a marginal improvement in
power balance. Figure 7 shows the results of a simula-
tion in which we compared the performance of 192
lasers with randomly selected 1ω components and
identical frequency converters. For each beam, we
used BTGAIN to compute the input pulse shape that
resulted in exactly the same output pulse for all the
beams. The curve labeled “192 pulse shapes” shows
that the rms power imbalance is zero when these input
pulse shapes are used. Next, we averaged the input
pulse shapes for each pair of beams to obtain 96 differ-
ent pulse shapes. We averaged the input pulse shapes
for each set of four beams to obtain 48 pulse shapes
(one for each quad). We then compared the cases to
that for a single input pulse shape. There is little differ-
ence in beam-to-beam power imbalance when compar-
ing 1 pulse shape to 48 pulse shapes.

Figure 8 shows the systematic rms power imbalance
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FI G U R E 7. Sensitivity of systematic, beam-to-beam power imbalance
to the number of independent pulse shapes. ( 5 0 - 0 0 - 1 2 9 8 - 2 5 5 1 p b 0 1 )

(3ω) for the 192 beams of the power balance model
with and without injection-energy correction. The
upper curve is the systematic spread in power that
arises from the differences in component performances
when each beam is injected with the same energy. The
uncorrected systematic power imbalance is clearly
much too large to meet NIF requirements. The lower
curve shows the rms power imbalance after adjusting
injected energies to balance the power at t = 1 ns. It is



approximately equal to the 1.4% measurement error at
1 ns, and rises to about 3% by the end of the pulse. In
both cases, we used a single pulse shape.

F i g u re 9 shows the spread in injected energies of
the 192 beams re q u i red to tune out systematic erro r s .
The spread in energies is approximately Gaussian,
with an 11% rms variation about the mean. The re l a-
tively large spread in energies is good, because it
means the adjustment has some resolution. Figure 10
shows two histograms that compare the spread in 1ω
power at t = 1 ns for the uncompensated case  and 

the compensated case. Figure 11 shows the same
kinds of plots, but for 3ω power at the target. Wi t h -
out compensation, the 1ω systematic rms power
imbalance is 5.65%, which is then amplified by the
f requency-conversion process to 13.8%. 

Estimate of Overall Laser Power
Imbalance

We included all known sources of random and sys-
tematic errors to obtain an estimate of the overall
power imbalance. Such an estimate can be used as a
basis for the flowdown of requirements to the subsys-
tems and to confirm that our strategy for minimizing
systematic power balance errors will result in a total
error that meets the NIF power balance requirement.
We averaged over 192 beams and 10 shots (1920
power-versus-time curves) to obtain the rms values for
these calculations.

Figure 12 shows beam-to-beam, quad-to-quad, and
intraquad rms power imbalances versus time. The
beam-to-beam imbalance for a single calculation can
be obtained from Eqs. (1) and (2), with N = 192. We
then take the rms average over the number of runs to
obtain the final result. The quad-to-quad imbalance is
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FIGURE 8. Systematic rms power imbalance as a function of time
for the 1.8-MJ Haan pulse with and without injected-energy 
compensation.     (50-00-1298-2552pb01)

FIGURE 9. Histogram of the spread in injected energies required to
tune out the t = 1 ns power imbalance. (50-00-1298-2553pb01)

FI G U R E 10. Histograms comparing the spread in 1ω power at t = 1 ns
for the (a) uncompensated and (b) compensated cases.
( 5 0 - 0 0 - 1 2 9 8 - 2 5 5 4 p b 0 1 )

FI G U R E 11. Histograms comparing the spread in 3ω power at t = 1 ns
for the (a) uncompensated and (b) compensated cases.
( 5 0 - 0 0 - 1 2 9 8 - 2 5 5 5 p b 0 1 )



obtained by averaging over the four beams in each
quad to obtain the power in each quad, taking the rms
average over the 48 quads, and then taking the rms
average over the number of runs. The intraquad imbal-
ance is a measure of the imbalance for beams in the
same quad. It is the square root of the difference
between the square of the beam-to-beam imbalance
and the square of the quad-to-quad imbalance. The
rms beam-to-beam power imbalance is 7.8% at t = 1 ns,
and decreases to about 6% by the end of the pulse. The
bumps in the curve appearing late in the pulse are due
to timing jitter during pulse-shape changes. The value
we obtained is less than the NIF 8% limit for the entire
pulse. To meet the overall NIF power balance require-
ment, we reduced the allowable random variation in
amplifier gain from its original allocation of 3% to 2%.

If the beams were completely independent, then the
quad-to-quad imbalance would be exactly half the
beam-to-beam imbalance because the power in each
quad would be the average of four independent quan-
tities. Early in the pulse, power imbalance is domi-
nated by the OPG and amplifier jitter, which are
correlated for beams within a quad, so the quad-to-
quad imbalance is much more than half of the beam-
to-beam imbalance. By the end of the pulse, these
sources of imbalance make a relatively small contribu-
tion to the total, and the beams are largely uncorre-
lated. This is an important result because, as shown
next, capsule flux asymmetry depends most directly
on quad-to-quad power imbalance.

Calculations of Radiation
Asymmetry on a NIF Capsule

Here, we describe our calculations of the effects of
random variations in laser power and pointing on
radiation flux symmetry at the target. We estimated
the sensitivity of capsule flux asymmetry to various
amounts of power imbalance and pointing errors, and
then used our results from the detailed laser model,
described above, to estimate the expected capsule flux
asymmetry during the foot and peak of a shaped, 
indirect-drive pulse.

Calculating the Random Component
of Radiation Flux on a Capsule

We used the radiation viewfactor code, Gertie,5 to
estimate the flux on a capsule. The geometry of the
hohlraum and capsule are the primary inputs to the
code. The surfaces of each are divided into a discrete
number of area elements Ai. Each element has an
albedo αi, which is the ratio of emitted radiation over
absorbed radiation, averaged over all frequencies and
angles. In addition, surface elements on the hohlraum
wall that correspond to laser hot spots are given a
source power Pi. Radiation power leaving the ith ele-
ment yi, and radiation power arriving at that element
xi, are related to each other by

yi = αixi + Pi (9a)

and

(9b)

w h e re fi j is the geometric viewfactor matrix c o n-
s t ructed by Gertie. Thus, once the geometry, albedos,
and radiation sources are defined, the matrix equations
can be solved to obtain the radiation flux incident on
the capsule (and on all other surfaces as well). The
viewfactor analysis has two principal limitations.
Sources and albedos are not frequency-dependent, and
there is no absorption and emission of radiation by the
plasma inside the hohlraum (i.e., vacuum transfer is
assumed between the walls and capsule). However,
the technique does provide an estimate of the 3D vari-
ation of flux on the capsule.

Viewfactor calculations were done for the point-
design targ e t6 (PT design), which is shown in Figure 13.
This target has a 0.111-cm radius and uses a Br- d o p e d
plastic ablator. It is driven by a 1.3-MJ, 17-ns pulse,
shown in Figure 14. This pulse is similar to the 1.8-MJ,
NIF-baseline pulse shown earlier; however, the foot is
about 3-ns shorter, and the peak power and energy are
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FIGURE 12. Total rms power imbalance versus time for the 1.8-MJ
Haan pulse. (50-00-1298-2556pb01)



less. From radiation-hydrodynamics calculations of the
PT design using LASNEX,7 , 8 we inferred the time
dependence of the capsule and hohlraum albedos, the
capsule ablation surface radius, and the hohlraum emis-
sion radius (which moves in as gold blows off the wall).

The albedo of the gold wall is greater than that of
the plastic ablator, and both increase as radiation 

temperature rises during the pulse. As the albedo
increases, a smaller fraction of total radiation emanates
from the laser hot spots, and the radiation is spatially
smoothed. In addition, as the hohlraum emission
radius and capsule ablation surface radius both
decrease with time, the viewfactor matrix that maps
the hohlraum radiation onto the capsule also changes.
Late in the pulse, as the capsule ablation surface radius
decreases rapidly, each point on the capsule sees a
larger fraction of the hohlraum wall; therefore, higher
wave number components of the radiation asymmetry
on the hohlraum are smoothed at the capsule.

In principle, we could divide the pulse into a few
time steps and do a viewfactor calculation at each time
to obtain the time-dependent flux on the capsule.
H o w e v e r, we found it more practical to divide the pulse
into two parts. We defined the foot to be the first 11 ns,
and the peak to be the remainder of the pulse. We then
did the viewfactor analysis midway through the foot
and midway through the peak, using average values for
the albedos and dimensions shown in Table 3. We sub-
divided the capsule and hohlraum surfaces into 3,840
subpanels, with 32 panels per 360° of azimuthal angle.

Estimating Capsule Perturbation
Resulting from Radiation Asymmetry

If we denote the radiation on a capsule as F, then
rms flux asymmetry at the capsule is

(10)

The flux can be expanded, in terms of associated
Legendre polynomials, as
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FIGURE 13. The PT design features a Br-doped plastic ablator and
has an initial radius of 0.111 cm. (50-00-1298-2557pb01)

FIGURE 14. The PT is driven by a 17-ns, 1.3-MJ, shaped pulse.
(50-00-1298-2558pb01)

TABLE 3.  Geometric parameters and albedos used in the viewfac-
tor calculations of the foot (t = 0 to 11 ns) and peak (t = 11 to 17 ns).

Parameter Foot Peak

Hohlraum albedo 0.65 0.86

Capsule albedo 0.35 0.63

Hohlraum radius 0.27 cm 0.234 cm

Hohlraum length 1.0 cm 0.95 cm

LEH radius 0.135 cm 0.117 cm

Capsule radius 0.111 cm 0.085 cm

caprms =
1

4π
F – F0

F0

 

 
 

 

 
 

2

dΩ∫  .



(11)

This form of the expansion is the same as that com-
puted by the Gertie viewfactor code. By substituting
Eq. (11) into Eq. (10) and including the appropriate
normalization factors, we can express the rms flux
asymmetry as the root of the sum of squares of contri-
butions from each mode. That is, the capsule asymme-
try is

(12)

where

(13)

and

(14)

For each l mode, we can sum the squares of the rms
contributions for all m to obtain the rms for an equiva-
lent 2D mode, which we denote as al.

Now that we have extracted the mode structure
(rms per mode) of the equivalent 2D flux asymmetry
from the viewfactor calculation, we can use LASNEX
to calculate the spatial perturbation in the capsule
radius at ignition due to each mode. As long as radia-
tion-induced perturbations on the capsule remain lin-
ear, we can use the principle of superposition to equate
the calculated 2D rms flux asymmetry at ignition to the
rms flux asymmetry at ignition that results from linear
growth of the original 3D spectrum of modes from the
viewfactor calculation.

The linear response coefficients that relate a flux
perturbation to spatial perturbation on the capsule for
each mode were calculated in LASNEX by applying a
frequency-dependent source to the capsule that had a
small perturbation in each mode applied during the
foot (0 to 11 ns) or peak (11 to 17 ns) of the pulse. These
coefficients yield the capsule rms spatial asymmetry
for the case where the 3D capsule flux asymmetry cal-
culated at the midpoint of the foot or peak is present
and unchanging for the entire foot or peak. This is a

simplification of the actual situation, where the magni-
tude and mode structure of the capsule flux asymme-
try change during the foot and peak.

NIF Illumination Geometry

Figure 15 shows the NIF indirect-drive geometry.
Laser rays are shown from their focal points to the
point at which they hit the hohlraum walls. Two cones,
an outer and an inner cone, illuminate each side of the
hohlraum. The outer cone is made of beams having
angles of 44.5° and 50° with respect to the z (cylindri-
cal) axis. The inner cone beams have angles of 23.5°
and 30°. Two-thirds of the laser energy is directed to
the outer cones, and one-third to the inner cones.
Figure 15 also shows the target geometry that we
assumed for this study. The hohlraum length is 1.0 cm,
the hohlraum radius is 0.27 cm, laser entrance holes
have a radius of 0.135 cm, and the initial capsule
radius is 0.111 cm.

Spots from the four beams in a quad partially over-
lap on the hohlraum wall, forming one larger spot, as
shown in Figure 16. Differences in power among the
four beams in a quad cause a shift in the spot centroid
and are equivalent to a pointing error in the quad spot.
The distance from the centroid of the quad spot to cen-
t roids of each of the individual beam spots, rj, is about
230 µm. The offset of the centroid of the quad spot, rc,
is related to beam power by

(15)
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FIGURE 15. Side view of the hohlraum showing placement of inner
and outer cones.     (50-00-1298-2559pb01)

FIGURE 16. Four beams within a quad form a single, overlapped
spot on the hohlraum. (50-00-1298-2560pb01)

rc =
rjPj

Pquadj=1

4

∑  ,



w h e re Pj is the power from the jth beam, and Pquad is
the total quad power. Using Eq. (15), we can calculate
that the 4% to 5% intraquad power imbalance, which
was calculated previously in Figure 12, results in a 
5- to 6-µm rms error in quad spot position.

Sensitivity of Ignition Capsule to
Random Flux Asymmetry

Figure 17 shows the sensitivity of total rms capsule
flux to the amount of quad-to-quad power imbalance
using the viewfactors midway through the foot and
peak of the pulse. These results were obtained by aver-
aging over 10 sets of random power distributions that
were generated using the statistical model of the NIF
laser, discussed previously. We assumed that the view-
factor calculations done for a 17-ns pulse could be
applied to the 20.4-ns Haan pulse. For the foot, we
used BTGAIN results at t = 7 ns (midway through the
14-ns foot). For the peak, we used BTGAIN results at 
t = 17 ns (approximately midway through the peak).
Figure 17 shows that, compared to the peak, the larger
ratio of capsule radius to hohlraum radius for the foot,
and the lower albedos in the foot, result in a larger
amount of flux asymmetry. The average quad power
imbalance during the foot of the Haan pulse is approx-
imately 4%, and it is about 3% during the peak (see
these two points as plotted in Figure 17). Thus, the
resulting rms flux asymmetry due to power imbalance
will be about 0.6% during the foot, and 0.2% during
the peak. Note that rms flux asymmetry is plotted here
as a function of the quad-to-quad imbalance, rather

than beam-to-beam imbalance. As shown below, quad-
to-quad imbalance can be generally related to asym-
metry on the capsule, whereas beam-to-beam
imbalance cannot.

The other contributor to random flux asymmetry is
pointing errors. Figure 18 shows rms flux asymmetry
on the capsule as a function of rms quad pointing erro r.
The results were obtained by averaging over 50 ran-
dom pointing configurations. By quad pointing erro r,
we mean the deviation in the location of the quad cen-
t roid. The NIF specification for allowable beam-to-
beam pointing errors is 50 µm rms. It is likely that there
will be sources of pointing error that are common to
beams within a quad; however, the bre a k d o w n
between correlated and uncorrelated pointing erro r s
has not been determined at this time.9 If we assume t h a t
pointing errors are uncorrelated, then a 50-µm, beam-
to-beam error corresponds to a 25-µm, quad-to-quad
e r ro r, which leads to capsule flux asymmetry of about
0.4% during the foot, and less than 0.2% during the
peak. Figures 17 and 18 are plotted on the same scale,
and a comparison between them shows that power
imbalance will generally have a larger effect on capsule
flux asymmetry than will the pointing erro r s .

Recall from Eq. (12) that capsule flux rms asymme-
try can be expressed as the root of the sum of squares
of contributions from each associated Legendre poly-
nomial. The square of the rms is called the variance.
Thus, the variance per mode is alm, where alm is 
given by Eqs. (13) or (14). The variance per l mode,
which is what we need to apply the 2D linear response
coefficients calculated from LASNEX, is
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FIGURE 17. The rms capsule flux asymmetry as a function of
amount of quad-to-quad power imbalance. (50-00-1298-2561pb01)

FIGURE 18. The rms capsule flux asymmetry as a function of 
quad-to-quad pointing errors. (50-00-1298-2562pb01)

2



(16)

The ratio of al
2 to total variance of capsule flux is

plotted in Figure 19 as a function of l-mode number for
power imbalance. For both the foot and peak, the
largest contribution is from P1, and there is little contri-
bution from modes larger than l = 4. Figure 20 shows
the modal decomposition for pointing errors. Similar
to the power imbalance, the contribution to variance
falls off rapidly with increasing mode number.
However, the dominant mode is P2, and there is a
larger relative contribution from higher modes.

From the modal decomposition of flux asymmetry,
we can find each mode’s contribution to the capsule
spatial asymmetry at ignition using the linear response
coefficients obtained from LASNEX capsule calcula-
tions. The capsule spatial rms is given by

(17)

where (lrc)l is the linear response coefficient relating
capsule flux rms due to the lth mode to the spatial rms
at ignition due to that mode. We multiply the spatial
rms by 2 times the square root of 2 to convert the rms
to the maximum difference in peak-to-valley (ptv) of
the spatial variation. This parameter is plotted in
Figure 21 as a function of percent rms quad power
imbalance. Such a plot shows that the peak is slightly

more sensitive to power imbalance than the foot, even
though the capsule flux asymmetry is less for the peak.
The shaded portion of the plot (6-µm ptv perturbation
or less) represents the level of capsule perturbations
arising from random asymmetry that is definitely
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FIGURE 19. Fractional contribution of each Legendre mode to total
variance of the capsule flux due to power imbalance.
(50-00-1298-2563pb01)

FIGURE 20. Fractional contribution of each Legendre mode to total
variance of the capsule flux due to beam pointing errors.
(50-00-1298-2564pb01)

FI G U R E 21. Maximum peak-to-valley perturbation in hot-spot
radius at ignition as a function of percent rms quad power imbalance.
( 5 0 - 0 0 - 1 2 9 8 - 2 5 6 5 p b 0 1 )

spatial( )rms = a l lrc( ) l[ ]2
l=1
∑  ,



s a f e .1 0 Thus, the time-averaged quad power imbalance
must remain well below 8% to keep the resulting spatial
perturbations in the safe regime. At the power imbalance
levels extracted from BTGAIN calculations (see data
points), power imbalance only during the foot results in a
5 . 6 -µm ptv perturbation, whereas power imbalance only
during the peak results in a 5.2-µm ptv perturbation.

F i g u re 22 is a similar plot, but for pointing errors. It
shows that if the pointing errors are uncorrelated, re s u l t-
ing in 25-µm rms quad-to-quad pointing erro r, then
pointing errors make a slightly smaller contribution to
the total capsule spatial perturbation at ignition (5.1 ver-
sus 4.3-µm ptv for the foot versus peak, re s p e c t i v e l y ) .

Figure 23 shows the fractional contribution of each
mode to total variance (the square of the rms) of spa-
tial asymmetry on the capsule. For the foot, P1 and P2
are the largest contributors, whereas for the peak, P1 is
by far the largest. In fact, it is primarily the much
larger linear response factor for P1 in the peak, com-
pared with that of the foot, that makes the overall cap-
sule rms larger for the peak, despite the fact that rms
flux asymmetry is less for the peak due to hohlraum
smoothing. Figure 24 is a similar plot for pointing
errors. Pointing errors during the foot give rise mainly
to modes P2 through P4 on the capsule surface at igni-
tion, whereas pointing errors during the peak con-
tribute mostly to P1 on the capsule. The combined
effects of power imbalance predicted by the BTGAIN
model and 25-µm rms quad pointing errors result in a
capsule spatial perturbation of 7.5-µm ptv for asymme-
try imposed during the foot only, and 6.7-µm ptv for
asymmetry imposed during the peak only.
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FIGURE 22. Maximum peak-to-valley perturbation in hot-spot
radius at ignition as a function of percent rms quad pointing error.
(50-00-1298-2566pb01)

FIGURE 23. Fractional contribution of each Legendre mode to 
total variance of the hot-spot radius at ignition due to quad power
imbalance. (50-00-1298-2567pb01)

FIGURE 24. Fractional contribution of each Legendre mode to total
variance of the hot-spot radius at ignition due to quad pointing
errors. (50-00-1298-2568pb01)

Effect of Correlations on Power
Balance

The powers to each of the 192 spots are not statisti-
cally independent. As discussed in the previous sec-
tion, beams in a quad are driven by a common PAM,
so the portion of the power imbalance arising from 



jitter in the PAMs will be correlated for beams in the
same quad. There is also a correlation between pairs of
quads whose amplifiers are driven by common capaci-
tor banks (such pairs of quads are called bundles), so
jitter in amplifier gain will be correlated between 
bundles. Figure 25 is a schematic drawing of the 
overlapped quad spots on one-quarter of an unrolled
hohlraum cylinder. The shading and numbers on the
spots indicate which quads are driven by common
capacitor banks. Correlated spots are separated from
each other spatially in a pseudo-random pattern. The
pattern repeats itself in the next quadrant. For the two
remaining quadrants (π < φ < 2π) the relation between
bundles 5 and 6 is reversed.

The idea behind bundle mapping is to ensure that
neighboring quads are not correlated; if they were, 
statistically they would behave like a single spot. This
would increase the power imbalance due to the ampli-
fier gain jitter by reducing the number of independent
spots from 48 to 24.

To assess possible effects of correlations between
beams on the power imbalance, we computed the
power imbalance for three extreme cases:
Case 1. 192 independent beams.
Case 2. 48 independent quads, with the 4 beams 

within each quad correlated.
Case 3. 24 independent bundles, with the 8 beams 

within each bundle correlated.
The calculations were all done for the foot of the

pulse. Figure 26 shows that the rms capsule flux asym-
metry is about the same for a given amount of quad-to-
quad power imbalance, re g a rdless of how the power is
c o r related among the beams. This result indicates that
quads in the same bundle are mapped to the hohlraum
in a way that does not degrade capsule symmetry, even
if all of the power imbalance were correlated for beams
in the same bundle. Figure 27 shows the contribution of

each mode to total spatial variance on the capsule at
ignition. The modal stru c t u re is also fairly similar for
the three cases. This result implies that the most impor-
tant parameter needed to estimate capsule asymmetry
due to power imbalance is an accurate estimate of quad-
to-quad power imbalance. Knowing the fraction of
quad-to-quad imbalance from beam-, quad-, and 
bundle-driven power imbalance is less important.

Summary
We have developed a model to analyze power bal-

ance for the NIF. Our model includes the effects of
laser gain saturation and frequency-conversion inten-
sity dependence. Statistical variation in component
performance was included to account for systematic
and random variations in the power output of each
beam. We found that the effects of gain saturation,
which tends to reduce power imbalance late in the
pulse, and the strong intensity dependence of fre-
quency conversion at low intensity early in the pulse,
combine to make the power imbalance largest at the
beginning of shaped, indirect-drive pulses. We then
used the model to determine the allocation of random
variations to subsystems and to develop procedures
for minimizing repeatable differences among beams.
The results of our power balance analysis indicate that
we can meet the NIF 8% rms power balance require-
ment for a 1.8-MJ, indirect-drive pulse. To minimize
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FIGURE 25. One-quarter of a hohlraum cylinder unrolled to show
the approximate arrangement of overlapped quad spots on the
hohlraum and the relative locations of quads sharing capacitor
banks. (50-00-1298-2569pb01)

FIGURE 26. The rms capsule flux asymmetry in the foot as a func-
tion of rms quad power imbalance for 192 independent (uncorre-
lated) beams, 48 independent quads with all 4 beams in each quad
correlated, and 24 independent bundles with all 8 beams in each
bundle correlated. (50-00-1298-2570pb01)



the systematic imbalance, we use a single-input pulse
shape, but adjust the energy to each beam to minimize
the repeatable power imbalance at t = 1 ns.

We also performed a radiation viewfactor analysis
to determine the effect of various levels of random flux
asymmetry on ignition capsule performance. The cap-
sule rms flux asymmetry is larger—for a given level of
imposed power imbalance or pointing errors—during
the foot of the pulse than during the peak. The reason
is that lower albedos and larger capsule-radius-to-
hohlraum-radius ratio lead to less smoothing of the
Legendre modes onto the capsule. However, the cap-
sule is more sensitive to the P1 mode during the peak.
Thus, the resulting spatial perturbation on the capsule
at ignition is about the same for radiation asymmetry
imposed during the foot or peak. Power imbalances
contribute slightly more to the total capsule perturba-
tion at ignition than do pointing errors.

The fraction of power imbalance that is correlated
for beams within the same quad is very important,
because flux asymmetry on the capsule is twice as
large for fully correlated beams than for fully uncorre-
lated beams. Our NIF laser modeling indicates that

power imbalance is highly correlated early in the pulse
when the power imbalance is dominated by OPG and
amplifier jitter. By the end of the pulse, the largest
sources of power imbalance (random variations in tim-
ing and frequency conversion, and all systematic varia-
tions) are mostly uncorrelated, which reduces the
effect on the capsule. The fraction of power imbalance
that is correlated between quads whose amplifiers are
driven by common capacitor banks was found to be a
minor effect.

Integrated viewfactor simulations that assumed a level
of 50-µm rms uncorrelated pointing errors and a level of
power imbalance extracted directly from the statistical
NIF laser model indicate maximum peak-to-valley per-
turbations on the hot-spot radius at ignition of 7.5 µm
due to random flux asymmetry applied only during the
foot of the pulse, and 6.7 µm due to random flux asym-
metry applied only during the peak of the pulse. These
values are close to the maximum amount of capsule per-
turbation allocated to random flux asymmetry.
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FIGURE 27. Fractional contribution of each Legendre mode to total
variance of the hot-spot radius at ignition for power imbalance in the
foot due to 192 independent beams, 48 independent quads with all 4
beams in each quad correlated, and 24 independent bundles with all
8 beams in each bundle correlated. (50-00-1298-2571pb01)
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Introduction
The present schemes for inertial-confinement-fusion

(ICF) target ignition re q u i re a high uniformity in the
intense laser beams that will strike the target dire c t l y
( d i rect drive) or the hohlraum wall (indirect drive).1

The larg e - a p e r t u re glass laser systems used in ICF appli-
cations produce beams with nonuniform intensity
speckle stru c t u res (“hot spots”) at their focus. Wi t h
intensities that are significantly above the spatial average
beam intensity, these hot spots can lead to substantial
power losses from stimulated Raman scattering (SRS)
and stimulated Brillouin scattering (SBS) in hohlraum
plasmas. To reduce these scattering losses, various beam-
smoothing techniques have been developed to cre a t e
m o re uniform beam intensity distributions.2 – 11

As part of a plan for attaining ignition at the
National Ignition Facility (NIF), we used the Nova
laser system to systematically study the effectiveness
of the beam-smoothing techniques in reducing the
backscattered light. Previously, experiments examined
the effects of random phase plates (RPPs),3 kinoform
phase plates (KPPs),10 and smoothing by spectral dis-
persion (SSD)4 using a 3-GHz modulator.11 Under vari-
ous laser and plasma conditions, these techniques all
showed certain advantages with respect to reducing
the backscattered light level. 

Most re c e n t l y, we studied the effect of polarization
smoothing (PS)6 – 9 by itself and combined with smooth-
ing by spectral dispersion, using a high-frequency 
(17-GHz) modulator. The higher frequency modulator
reduces the beam dispersion necessary for optimal
SSD, thereby allowing laser propagation through spa-
tial-filter pinholes and hohlraum entrance holes with-
out clipping.1 2 This article describes the predicted and
m e a s u red effects of polarization smoothing (with and
without smoothing by spectral dispersion) on the stim-
ulated Raman and Brillouin backscattering. Both the
experimental work and the modeling show that the

combination of polarization smoothing with smoothing
by spectral dispersion gives the greatest reduction in
the backscattering levels for SRS and SBS.

Relevance to NIF
Target designs for the NIF currently consist of gas-

filled, 9-mm long, Au hohlraums that will be heated
with a 1.3-MJ (430-TW peak power) laser, at a 351-nm
wavelength.13 The laser energy will be delivered to the
hohlraum by 192 beams in shaped pulses about 20 ns
long. The beams will be focused with f/20 lenses
arranged in clusters of four, effectively producing an
f/8 beam. For symmetric capsule implosions, two rings
each of inner and outer beams will be used, which
reach the hohlraum wall at different distances from the
laser entrance holes (LEHs) and have different path
lengths in the hohlraum plasma. 

Beam smoothing will be done by using spectral
dispersion with a kinoform phase plate. This phase
plate will produce a flat-top focal spot with a factor-
of-two intensity variation over the 3- to 5-mm-long
laser path in the hohlraum. The point design ignition
t a rg e t1 3 is a 300-eV radiation temperature hohlraum,
which will contain a low-Z, fully ionized plasma 
(initially a mix of He and H2) at about 10% of the 
critical density. At the time of maximum laser power,
the peak laser intensity will be 2 × 1015 W/cm2 at the
best focus of the f/8 cluster; other regions along the
beam path will have intensities ranging from 101 5

to 2 × 1 01 5 W / c m2. Over most of their path lengths,
the laser beams will interact with the low-Z p l a s m a .
H o w e v e r, for the last 400 µm, the interaction will be
with a high- Z, high-Te Au plasma ablated from the
hohlraum wall. The low-Z plasma between the
hohlraum wall and the laser entrance holes will have
an electron temperature Te ranging from 3- to 6-keV,
and an electron density ne of from 0.07 nc to 0.12 nc
(nc = 9 × 1 02 1/ c m3 for 351-nm light).
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We have done calculations and experiments study-
ing the effects of smoothing by spectral dispersion and
polarization smoothing in various combinations—
with plasma conditions and at length scales that are
relevant to NIF. The two NIF plasma conditions that
are important to emulate are (1) a long-scale-length 
(2-mm), low-Z plasma (with a high-gain exponent for
stimulated Brillouin and Raman scattering) that the
inner-beams encounter and (2) a shorter-scale-length,
outer-beam plasma, corresponding to the plasma 
conditions near the Au wall14 (with a higher-gain
exponent for stimulated Brillouin scattering).
We modeled the low-Z, inner-beam case experimen-
tally with gasbag targets. The NIF’s outer-beam plasma
was modeled with a scale-1 hohlraum described in a
separate article.1 5

Polarization Smoothing: Optical
Theory and Experimental
Implementation on Nova

Spatial smoothing using a random phase plate
works by eliminating the long coherence length in a
beam’s near field, thereby randomizing and reducing
the high-intensity, small-scale structure within the
focal spot. A similar kind of spatial smoothing uses a
kinoform phase plate, which produces a speckle distri-
bution of intensities in the far field—as does the ran-
dom phase plate—but which makes the average
intensity at focus spatially flat. Smoothing by spectral
dispersion causes the local speckle intensity (produced
by either type of phase plate) to vary in time at a given
spatial location. The laser light is first broadened in fre-
quency by ∆ν using frequency modulation (FM) and
then it is dispersed with a grating. At any time, the
resulting speckle pattern is a superposition of interfer-
ing patterns from each wavelength, which decorrelate
and yield a new speckle pattern with a coherence time
of ~1/∆ν. Practical limitations in the available laser
bandwidth will typically limit the coherence time to a
few picoseconds. This is a short enough time to
possibly affect the filamentation instability. However,
since the scattering instabilities in ICF plasmas typi-
cally develop in less than a picosecond, it is also desir-
able to employ a technique that can smooth out
intensity non-uniformities instantaneously. Polarization
smoothing provides a way of doing just this.

In polarization smoothing, the near field of the inci-
dent laser light is divided into two orthogonal polar-
izations, each containing half of the beam’s incident
power. By passing these beams through a phase plate,
two uncorrelated speckle patterns are produced, with
each beam generating a distinct speckle pattern in the
focal plane. One technique used for polarization
smoothing is to alternately rotate the polarization by
90° in subapertures of the near-field beam.7,8 The 

technique that we chose for Nova uses a birefringent
wedge to create orthogonally polarized beams in the
same subaperture of the near-field beam.6 The wedge
creates a spatial offset in the speckle patterns corre-
sponding to the two polarizations. In either technique,
the speckle intensities in the two beams add incoher-
ently, thus reducing the maximum intensities arriving
at the focal plane. The essential advantage of polariza-
tion smoothing is that the light intensity is smoothed
instantaneously, whereas smoothing by spectral dis-
persion requires a smoothing time that is inversely
proportional to the laser bandwidth.

In polarization smoothing by a wedge, the primary
adjustable parameter is the size of the shift generated
between the orthogonal speckle patterns. Recent calcu-
lations have shown that supression of filamentation is
fully effective when PS is used with a minimum shift
of one to two speckle half-widths.9 Since plasma fila-
mentation and stimulated scattering instabilities are
generally very sensitive to the transverse scale length
of the incident illumination, it is useful to consider the
spatial spectrum of the focal-spot intensity pattern
resulting from the polarization smoothing of simple
square-aperture beams. (Although the spectrum
changes slightly in going from square to circular aper-
tures, the qualitative features remain the same.) 

The effect of the polarization-smoothing shift on the
intensity distribution in the focal plane is best under-
stood in terms of its effect on the spatial spectrum of
the speckle intensity. We begin by writing down the
spatial power spectral density of the speckle intensity
from a uniformly illuminated (but randomly phased)
square aperture as:16

(1)

In this e x p ression, fx(kx/ 2π) and fy(ky/ 2π) are 
spatial frequencies of the speckle in the far field,

for             and 0 for             
( w h e re F is the focal length of the lens and D is the
a p e r t u re width),               is the Fourier transform of
the speckle intensity in the far field I(xF F, yF F), and

denotes the average speckle intensity.
The first term on the right of Eq. (1) corresponds to
the speckle noise and is re f e r red to as the AC spatial-
power spectrum; the delta function is determined by
the average intensity level.

The spatial power spectrum of the far-field intensity
pattern for the two spatially offset speckle patterns, 
c reated by the birefringent wedge, can now be quanti-
fied. Let the speckle pattern from a single polarization
be given by I1(xF F, yF F). Assuming that the wedge 
disperses the two polarizations by an angle ∆ θ along the
x d i rection, its effect is to generate two such patterns
shifted along x by the distance ∆xF F = ∆ θF . B e c a u s e
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˜ I ( fx , fy )
2

I 2
= Λ( fx / fmax )Λ(fy / fmax) fmax

2 + δ(fx , fy ) .

Λ x( ) ≡ 1− x x ≤ 1, x > 1, fmax ≡ D/ Fλ

˜ I (fx , fy )

˜ I ≡ I xFF , yFF( )



t h e re is no interference between the orthogonal polar-
izations, the total intensity on the target can be written
as the incoherent sum

(2)

w h e re * denotes convolution
The Fourier transform can now be taken, to obtain the
spatial power spectrum of the total intensity distribution

(3)

w h e re the single polarization result of Eq. (1) has
been used. 

We have now obtained the result that the wedge
modifies the spatial spectrum by imposing a sinu-
soidal modulation, along the shift direction, with a
period of 1/∆xFF. Smoothing very low spatial frequen-
cies requires a large shift, since the first null of the
spectral modulation imposed by the polarization
smoothing is located at ±1/2∆xFF. On average, for any
shift larger than the speckle half-width Fλ/D, the
speckle noise power is reduced by a factor of two;
thus, the intensity contrast is reduced by       . This is
consistent with simulations of plasma filamentation,
which showed that suppression of the instability is
fully effective only if the shift is larger than Fλ/D.

The polarization smoothing done in our Nova experi-
ments used a birefringent wedge6 (a KDP crystal cut at
an angle of 41.2° to the optic axis) to create two orthogo-
nally polarized beams with a selected angular deviation
( F i g u re 1). An equal distribution of the incident laser
power into each polarization was accomplished by

orienting the crystal wedge so that the linearly polarized
351-nm beam (from the frequency-conversion crystals) is
incident with its polarization at a 45° angle to the KDP
wedge’s ordinary (o-wave) and extraordinary (e-wave)
axes. The wedge causes the polarizations to be re f r a c t e d
into two beams, separated by an angle, ∆θ =a∆n, where a
is the wedge angle and ∆n is the birefringence between
the ordinary and extraordinary polarizations (0.021 for
the KDP used in this experiment). 

After passing through the kinoform phase plate
(KPP), the two orthogonally polarized beams form
identical speckle patterns in the focal plane that are
shifted by the amount, ∆θ·F, where the focal length F is
5.6 m. The minimum shift required to decorrelate a
speckle pattern generated by a square near-field beam
is the half-speckle width, Fλ/D = 3.2 µm; the incident
Nova beam width D was 62 cm.17 The KDP crystals
used for polarization smoothing in our experiments
had a wedge angle of 270 µrad. Therefore, they gener-
ated an angular shift of 5.7 µrad between the orthogo-
nally polarized beams, which corresponded to about a
30-µm far-field displacement, or about 10 speckle half-
widths. This is much larger than the minimum shift of
one to two speckle half-widths that was calculated as
being required for suppressing filamentation.9

In our Nova experiments, we used four sub-
a p e r t u res in a 2 × 2 array, similar to the NIF configura-
tion; each subaperture was 27 × 27 cm and was separated
by ~8 cm. The half-speckle width from one such sub-
a p e r t u re was 7.3 µm; the polarization smoothing shift of
30 µm that resulted is about four times larger than the
minimum shift needed to decorrelate the speckle origi-
nating from one subaperture. Thus, even for illumination
f rom a single subaperture, filamentation would be eff e c-
tively suppressed by the 30-µm wedge shift. The dire c-
tion of the spatial shift from the polarization smoothing
was arranged approximately orthogonally to the dire c-
tion of the shift from SSD. Done in this manner, the polar-
ization smoothing is expected to instantly improve the
averaged contrast of the target illumination by a factor of 

beyond that done only with SSD.
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Itotal (xFF , yFF ) = I1(xFF , yFF ) + I1 (xFF + ∆xFF , yFF )

= I1 (xFF , yFF ) ∗ δ(xFF ) + δ(xFF − ∆xFF )[ ]  ,

a(x) ∗b(x) ≡ a(x − s)b(s)ds∫[ ].

˜ I AC,total ( fx , fy )
2

I total
2 = 4 ˜ I 1( fx , fy )

2
cos2 (π∆xFF • fx ) / 4I 1

2

= Λ( fx )Λ(fy )cos 2 (π∆xFF • fx)/ fmax
2  .

2

FIGURE 1. Schematic showing
the use of a birefringent wedge
to generate two shifted and
orthogonally polarized speckle
patterns for beam smoothing.
(08-00-1298-2535pb01)
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Polarization smoothing and smoothing by spectral
dispersion can be combined to give a more effective
smoothing, even though a range of low spatial fre-
quencies is left unsmoothed by this combination. In
our experiments, the full extent of the shift obtained
with SSD is ~40 µm/Å of bandwidth (specified at the
fundamental 1.053-µm wavelength). At a bandwidth of
3 Å, the resulting 120-µm shift is much larger than the
30-µm shift used for polarization smoothing. As a
result, if the direction of the latter shift is parallel to the
direction of spectral dispersion, little extra benefit
might be expected from the added polarization
smoothing. 

However, because polarization smoothing is instan-
taneous, it is possible that a significant additional ben-
efit from this method exists for some initial period of
time (depending on the response time of the plasma
instabilities), even for the case of parallel dispersion
directions. This reasoning is supported by simulations
of plasma filamentation, which found that SSD and PS
dispersions oriented in the same direction work nearly
as well at suppressing filamentation as do orthogo-
nally oriented dispersions. However, we did not test
this calculation in this set of experiments.9

Plasma Theory
The backscattering of laser light begins when a back-

g round plasma density fluctuation reflects a small frac-
tion of the incident laser light via Thomson scattering.
As the backscattered light interferes constructively with
the incoming light, the resulting ponderomotive forc e
enhances the density perturbation. If threshold condi-
tions are satisfied, an instability, resulting in stimulated
b a c k s c a t t e r, can develop. If the density perturbation is
an ion acoustic wave, stimulated Brillouin scattering
(SBS) occurs; if the perturbation is a Langmuir wave,
stimulated Raman scattering (SRS) occurs. 

The laser speckles (hots pots) are also subject to a
self-focusing instability (filamentation) in the plasma.
This occurs when the light’s ponderomotive force and
the increased electron pressure (from local laser power
absorption) act to expel plasma, thereby increasing the
refractive index and further concentrating the light
energy into a smaller volume. Smoothing by spectral
dispersion reduces this tendency towards filamenta-
tion, if the speckle dissolves before the self-focusing
process is complete. Thus, it is most effective on lower-
intensity hot spots. In addition, polarization smooth-
ing controls filamentation by reducing the fraction of
the laser power present in high-intensity speckles. We
expect then, that a combination of the two smoothing
methods should be very effective for filamentation
control.

Because the background density fluctuations tend to
be very small, the mean intensity of the backscattered
light must grow by about 10 orders of magnitude to

scatter a significant portion (such as 10%) of the laser
light. In contrast to this, a self-focusing amplification
(resulting from filamentation) of as little as 2.7 times is
dramatic. This is because, with a typical hot spot hav-
ing an intensity twice that of the mean intensity, a
great deal of laser energy can be transferred to high
intensity and subsequently backscattered. 

It appears that a bandwidth sufficient to reduce fila-
mentation might also reduce the faster-growing stimu-
lated Brillouin scattering, if the laser hot spot dissolves
before the scattered light fully amplifies. The growth
rate for stimulated Brillouin scattering exceeds that for
filamentation, but is almost an order of magnitude
smaller than for stimulated Raman scattering. The lat-
ter will grow to saturation in a few picoseconds for
laser and plasma parameters that are of interest to ICF,
long before smoothing by spectral dispersion can
change the speckle pattern. On the other hand, polar-
ization smoothing is instantaneous and it will reduce
both stimulated Raman scattering (to the extent that
SRS relies on higher-intensity speckles) and the stimu-
lated Brillouin scattering.

The arguments just given for the effect of polari-
zation smoothing considered each instability in 
isolation. Actually, the stimulated Raman and
Brillouin scatterings, and filamentation instabilities,
all interact with one another, leading to a complex
beam-smoothing response. We used the F3D code1 8 t o
simulate beam-smoothing effects on interacting stim-
ulated Raman and Brillouin scatterings.1 9 F i l a m e n -
tation was included in all cases. The plasma
parameters that were chosen in the first simulations
a re re p resentative of the NIF inner beams (ne/nc =
0.1; low-Z; combination of C3H8 and C5H1 2; Te = 
3 keV; Ti/Te = 0.15; 2 × 1 015 W / c m2). The plasma
length along the laser propagation direction (Lz =
1 0 0 0λ0) is twice the length of the f/8 speckle; the
plasma width in the x and y transverse directions is
160λ0. The intensity-gain exponents for the stimulated
Raman and Brillouin scatterings are 12 and 9, respec-
tively. These values are about one-half of those calcu-
lated for NIF and for the gasbag experiments reported
in this article, primarily because of the shorter plasma
length used in the simulation. Thus, we are using the
simulations as a qualitative guide to the trends in the
data. With a transverse resolution of 1.25 λ0, there are
440 independent phase-plate elements or independent
Fourier components for the incident laser light, which
is a statistically representative sample.

In Figure 2, we show the stimulated Raman and
Brillouin scattering reflectivities for different smooth-
ing conditions, when both stimulated scatterings are
competing for laser energy. In this case, smoothing 
by spectral dispersion would appear to be more effec-
tive than polarization smoothing in suppressing the
SBS. However, this happens merely because the SRS
has taken a significant amount of energy from the
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high-intensity laser hot spots in the SSD case, which
suppresses the SBS. Simulations without SRS show a
SBS reflectivity dependence on smoothing that is simi-
lar to the SRS dependence shown in Figure 2.

An interesting feature of Figure 2 is the prediction
that the combined smoothing techniques will dramati-
cally suppress stimulated Brillouin scattering, as well
as reduce stimulated Raman scattering—despite the
very fast growth rate of the latter. We attribute this
reduction to the effective control of filamentation that
the combined techniques have, as is shown in Figure 3.
Here, the fraction of laser beam power at an intensity
greater than 5 × I0 (where I0 is the average intensity) is
shown as a function of beam smoothing, with and
without stimulated backscatter. Without polarization
smoothing, the simulations with backscatter show less
power at high intensity because power is lost from the
speckles as they start to self focus. With polarization
smoothing, there is too little backscatter to affect the
self-focusing. Combining SSD and PS reduces the
power at high intensity more than either method does
individually. This fact can explain the simulation result
that smoothing by spectral dispersion reduces the
stimulated Raman scattering when polarization
smoothing is also used.

Using F3D simulations, we have shown that polar-
ization smoothing is a very promising beam-smoothing
technique for controlling laser plasma instabilities.
This is especially true with respect to stimulated

Raman scattering, which the more common smooth-
ing-by-spectral-dispersion technique cannot directly
control, because the scattering grows to saturation
before the hot spots can be relocated. However,
smoothing by spectral dispersion combined with
polarization smoothing is particularly powerful. The
latter method dramatically reduces the fraction of the
beam power at high intensity, thus lowering f i l a m e n t a-
t i o n g rowth rates and Brillouin instabilities to a level
(∆ ω ≈ γ0) where the smoothing by spectral dispersion is
m o re effective. At these levels, smoothing by spectral
dispersion can also indirectly reduce stimulated Raman
scattering by reducing self-focusing of the hot spots.

We also carried out simulations with plasma condi-
tions that favored growth of stimulated Brillouin scat-
tering over stimulated Raman scattering (Ti/Te = 0.11;
an axial length, Lz = 351µm = 1000λ0; an electron tem-
perature of 2.7 keV; and an electron density of 0.07nc).
Under these conditions, the stimulated Raman scatter-
ing is always insignificant, and the stimulated-
Brillouin-scattering reflectivity follows similar trends
to those shown in Figure 2 for the stimulated-Raman-
scattering reflectivity.

Gasbag Plasma Experiments
We used the Nova laser to do experiments with tar-

gets developed to reproduce the plasma conditions
and length scales of the NIF. As mentioned earlier, the
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FI G U R E 2. The stimulated-Raman-scattering and stimulated-
Brillouin-scattering reflectivities, in a 10% critical plasma, are shown
for diff e rent smoothing conditions when both instabilities are pre s e n t
in the simulation. ( 0 8 - 0 0 - 1 2 9 8 - 2 5 3 6 p b 0 1 )

FIGURE 3. The stimulated-Brillouin-scattering reflectivity and the
fraction of laser energy having more than five times the average
intensity (I0), for different smoothing conditions. The values have
been averaged over the last 20 ps of the simulation to eliminate tran-
sient effects (Ti/Te = 0.11; the axial length, Lz = 351 µm = 1000λ0; an
electron temperature of 2.7 keV; and an electron density of 0.07 nc)
(08-00-1298-2537pb01)



two plasma conditions of importance for the NIF are
the inner-beam plasma (a large-scale-length, low-Z
plasma, with high-gain exponents for both stimulated
Raman and Brillouin scatterings), and the outer-beam
plasma (with shorter scale lengths and a higher-gain
exponent for stimulated Brillouin scattering in the
plasma near the Au wall).19

The low-Z, inner-beam case was studied with gas-
bag targets. These consist of two membranes, one on
either side of a thin Al washer, which are inflated with
a C3H8 and C5H12 gas mixture at a one atmosphere
pressure to produce an almost spherical gas volume.
Nearly symmetric irradiation by nine heater beams
produces a 6% to 15% critical-density plasma, with 
1- to 2-mm scale lengths and a peak central Te = 3 keV.
The tenth Nova beam, called the interaction beam, was
used to drive the instabilities in the plasma. It was con-
figured as an f/8.5 beam, with options for smoothing
by spectral dispersion and polarization smoothing.

Figure 4 shows the stimulated Raman and Brillouin
scattering reflectivities that were measured from gas-
bag targets. Most of the data shown is for intensities 
of ~2 × 1015 W/cm2. All targets with density above
13% critical used a higher interaction intensity of 
~5 × 1015 W/cm2. These high-intensity experiments
were intended to explore the conditions expected in a
higher-radiation-temperature, NIF-hohlraum design.
Most of the data points show that, while polarization
smoothing reduces the scattering levels, the reduction
is not as significant as when it is combined with SSD.
This combination gave the most effective beam smooth-
ing ever observed in Nova gasbag experiments. These
results show that NIF will benefit from polarization
smoothing of the inner beams.

Some of the backscatter data taken with gasbag targ e t s
show stimulated Raman and Brillouin scattering values
with large departures from their respective averages. We
have identified possible systematic reasons for these
d e p a r t u res in some, but not all, cases. Backscattering val-
ues that exhibit a sudden departure from the average are
typically characterized by an increase (decrease) in the
SRS and a decrease (increase) in the SBS. We are continu-
ing to analyze the full data set in an effort to identify all
reasons for scatter in the data. These observations, if
borne out by further analysis, indicate that the interd e-
pendence of SRS and SBS makes the study of the effect of
beam smoothing on one, or both, more complicated. We
a re continuing our efforts to develop a predictive model
for laser beam filamentation and SBS and SRS backscatter
(F3D) that will enable us to calculate the interaction of a
complete NIF beam with a macroscopic targ e t .

Conclusions
Our F3D numerical simulations have given us a very

optimistic view about the usefulness of polarization
smoothing as a highly effective smoothing technique

for suppressing laser-plasma instabilities. Although
the data indicates that polarization smoothing, by
itself, is only partly effective at reducing backscattering
losses, our measurements confirm the trends in the
simulations. In particular, they show that combining
polarization smoothing with smoothing by spectral
dispersion provides the most effective way to suppress
the instabilities. 

The peak scattering observed over the entire experi-
mental range under the maximum (combined) smooth-
ing conditions is below 6% most of the time.
Occasionally, either the stimulated Raman or the stim-
ulated Brillouin scattering exhibits a jump, with a cor-
responding drop in the other, which (in some cases)
can be associated with a density or temperature
change in the gasbag plasma. Other cases exist, how-
ever, in which the sudden jumps in scattering cannot
yet be associated with a possible cause. We are contin-
uing to investigate the details of these cases and are
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FI G U R E 4. Experimental measurements of the (a) stimulated-
Brillouin and (b) stimulated-Raman scattered light in gasbag plasmas.
The probe intensity is 2 × 1 01 5 W / c m2, except at the high density
w h e re it is 5 × 1 01 5 W / c m2. The SSD bandwidth is given at 1.053 nm.
The scattering includes backscattered light measured in a 15° cone
a round the backward dire c t i o n . ( 0 8 - 0 0 - 1 2 9 8 - 2 5 3 8 p b 0 1 )



developing a more rigorous connection between the
jump in scattering levels and a change in plasma or
laser parameters. 

The stimulated Brillouin and Raman scatterings in
NIF-scale hohlraums should be at tolerable levels with
moderate amounts of beam smoothing, even at the
higher intensities and densities expected in the 350-eV
ignition designs. Our polarization smoothing experi-
ments suggest that this technique, when combined with
smoothing by spectral dispersion, can improve the mar-
gin against plasma instabilities, thereby increasing the
operating region available to the NIF for ICF experi-
ments. The experimental results strongly suggest con-
sidering a re t rofit of the NIF to include polarization
smoothing and its further investigation as part of the
experiments scheduled for the NIF’s first bundle.
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Introduction
The National Ignition Facility (NIF) will use a 192-

beam, 1.8-MJ laser for inertial confinement fusion
(ICF) experiments.1 A major laser component of the
NIF, the flashlamp-pumped Nd:glass amplifiers must
provide sufficient gain and stored energy to meet
requirements for laser energy and power while
adding minimal wavefront distortion to the laser
beams. The NIF amplifiers differ from those used in
previous ICF laser systems mainly in their overall
scale and packaging. Figure 1 shows a two-slab-long,
4 × 2 NIF amplifier module, where the n × m designa-
tion denotes the number (height × width) of parallel
amplifying channels or beam apertures that are com-
bined. The NIF amplifiers use 40-cm-square apertures,
which approximate the practical size limit imposed by
amplified spontaneous emission (ASE) that depumps
the laser slabs and limits gain. Large-aperture size
reduces system costs by reducing the number of laser
beams needed to produce the required energy on tar-
get. Previously, the largest amplifiers constructed
were the 2 × 2 Beamlet amplifiers, which combined
only four 40-cm-square apertures.2

Amplifiers with combined beams were first pro-
posed by Lawrence Livermore National Laboratory
(LLNL) in 1978 as a way of reducing the cost of MJ-
class fusion laser systems.3 Combining beams in a sin-
gle enclosure reduces costs in three ways: (1) by
making amplifiers more compact, thereby reducing
the size and cost of the building; (2) by increasing
pumping efficiency, thereby reducing the size and cost

of the power-conditioning system; and (3) by reducing
the number of internal amplifier parts. The NIF design
achieves considerable cost savings by making the NIF
amplifiers larger than the Beamlet amplifiers. Similar
amplifiers will be used in the Laser Megajoule (LMJ), a
240-beam laser system now being developed and
designed by the French Commissariat a l’Energie
Atomique (CEA). Much of the development work for
the LMJ amplifiers resulted from collaborative efforts
between scientists and engineers at LLNL and the
French CEA.

This article describes the design and performance of
the NIF amplifiers. First, we describe the NIF amplifier
design. Next, we describe the prototype amplifier we
tested and discuss the equipment used to measure its
optical performance. We then compare model predic-
tions with measurement results, and show perfor-
mance predictions for the NIF amplifiers that are based
on our test results and validated models. 
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FIGURE 1. A two-slab-long, 
4 × 2 NIF amplifier module. 
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NIF Amplifier Design

Pump Cavity Design and
Performance

The NIF amplifiers provide optical gain at the 
1.053-µm wavelength by using neodymium-doped,
phosphate glass, rectangular laser slabs oriented at
Brewster’s angle with respect to the beam, to eliminate
reflection losses. The slabs have absorbing glass edge
claddings to prevent internal parasitic laser oscillation.
Each slab holder supports four slabs, one stacked
above the other. Central flashlamps cassettes pump
slabs in both directions, while side flashlamp cassettes
with large silver reflectors pump slabs in one direction.
The glass blastshields between the flashlamps and the
laser slabs serve three purposes: (1) they prevent
acoustic waves generated by the flashlamps from
propagating into the beam path and causing wavefront
distortion; (2) they provide a contamination barrier
between the flashlamp cavity and the critical slab cav-
ity; and (3) they form one wall of the channel used for
flowing cooling gas around the flashlamps. Figure 2
shows a plan view of a single NIF amplifier slab col-
umn that illustrates the arrangement of the slabs, 
flashlamps, blastshields, and reflectors.

The NIF amplifiers must meet requirements for
gain, gain uniformity, wavefront distortion, and ther-
mal recovery rate. High gain is required for the laser 
to meet its output energy and power requirements,
especially because of the limited injected-energy from
an affordable pulse generation system. At the same
time, the amplifier must achieve its gain requirements
efficiently to reduce the size and cost of the power-
conditioning system used to drive the flashlamps.
Accordingly, the NIF amplifiers use several features to
increase efficiency. The side flashlamp arrays use silver
reflectors with involute reflector shapes. They are
designed to reflect flashlamp light toward the laser
slabs, while returning little flashlamp light back to the
absorbing flashlamp plasma.4 Compared with flat
reflectors, the involute reflectors reduce the flashlamp
electrical energy required to meet the gain requirement
by ~15%. Additional reductions in flashlamp electrical
energy are achieved by using sol-gel antireflective
(AR) coatings on both sides of the blastshields (7%)
and by preionizing the flashlamps with weak electrical
pulses delivered several hundred microseconds before
the main pulse (10%). Preionization causes the flash-
lamp arc to develop more uniformly, and it increases
the electrical-to-optical conversion efficiency of the
flashlamp plasma. Overall, the predicted storage effi-
ciency of the NIF amplifiers is 3.8%, which is signifi-
cantly higher than those in previous ICF lasers (3.0%
and 1.8% for the Beamlet and Nova amplifiers, respec-
tively).2 Storage efficiency is defined as the total
extractable energy stored in the laser slabs divided by
the electrical energy delivered to the flashlamps.

In addition to the above criteria, we want the ampli-
fiers to produce uniform gain distributions across their
apertures, so that uniform beam output fluence can be
readily obtained. Uniform output fluence is essential
for maximizing output energy while maintaining
acceptable optical damage risk. With significant gain
variations, it becomes necessary to compensate by
increasing the input fluence distribution in regions of
the aperture with lower gain, as was done on the
Beamlet laser. In large slabs, such as the 4.1- × 45.8- ×
80.9-cm slabs used in the NIF amplifiers, the transverse
gain uniformity is determined not only by the distribu-
tion of flashlamp light across the slab, but also by
internal amplified spontaneous emission. ASE prefer-
entially depletes gain near the slab’s ends because this
position has the longest path length for internal ampli-
fication.2,5 The skewed diamond-shaped reflectors in
the central flashlamp arrays reduce gain variations in
the NIF pump-cavity design by directing flashlamp
light preferentially near the slab ends. 

We used a 3D ray-trace code to evaluate reflector
shapes and to predict gain distributions across the
aperture. The 3D code calculates pump rates for the
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FIGURE 2. Plan view of the NIF amplifier pump cavity.
(70-00-0199-0057pb02)



neodymium-ion inversion by using a reverse ray-trace
technique where rays were propagated backward from
the point of interest in the slab to the flashlamp
plasma. The ray-trace model tracked the change in the
spectral content of each ray as it interacts with various
reflecting and transmitting media present in the pump
cavity. The absorption and reflectance properties of
cavity components and the emission properties of the
lamp plasma were determined experimentally.6 Once
the pump distribution was calculated as a function of
flashlamp power, the peak gain-coefficient distribution
was calculated by solving the differential equation for
stored energy density as a function of time at each
point in the slab. In addition to radiative and non-
radiative spontaneous decay processes, the model also
tracked spatially- and temporally-dependent ASE
decay rates throughout the volume of the laser slabs.
Both the physical assumptions in the model and the
calculational techniques used in the computer pro-
grams that implement the gain model have been
described in detail in earlier publications.7,8,9

Wavefront distortion is produced by waste heat
deposited in the laser slabs by flashlamp pumping pro-
cesses. Wavefront distortion has a prompt component
that is caused by the flashlamp heating the laser slabs
during the shot; it also has a residual thermal compo-
nent that is caused by thermal energy remaining in the
pump cavity from previous shots. The prompt compo-
nent is primarily caused by the uneven heating of the
two sides of the slab. This causes the slab to warp
b e f o re the laser beam passes through the slabs when
peak gain is attained.1 0 Residual thermal distortions are
caused by thermal gradients in the laser slabs them-
selves, as well as thermal gradients in the gas that is
convectively heated by the laser slabs. The residual
slab distortions, like the prompt pump-induced distor-
tion, tend to be low order. The deformable mirror sys-
tem now planned for the NIF is expected to correct the
residual slab distortions. The gas distortions, however,
have higher spatial frequencies and are more rapidly
varying, making them difficult to correct. 

To accelerate the recovery from residual thermal
distortion, the NIF flashlamps will be actively cooled
by flowing gas. Flashlamp cooling is effective because
some 60% of the pump waste heat resides in the flash-
lamp envelopes immediately after a shot. Although
water cooling has been successfully used to accelerate
the shot rate of the OMEGA Laser at the University of
Rochester,11 gas cooling was chosen for the NIF to
eliminate water-jacket tubes and to leave more room
for efficiency-enhancing reflectors. NIF flashlamp cool-
ing system will provide gas flow rates of up to 20 cubic
feet per minute per flashlamp, with the gas flow direc-
tion alternating between flashlamp cassettes as shown
in Figure 3. The inlet temperature of the cooling gas
will be controlled over a ±5°C range centered about the
ambient temperature with ±0.3°C accuracy.

We used several computer codes to calculate the
wavefront distortion induced by flashlamp pumping
processes. The prompt temperature rise, which was
assumed to be proportional to the time-integrated local
pump rate, was calculated using a 2D ray-trace code,
which was a precursor to the 3D ray-trace code
described above.12 The residual temperature compo-
nent was calculated using a finite-element heat transfer
program, with starting temperatures set equal to val-
ues measured on a test amplifier shortly after firing the
flashlamps.13 The calculated temperature distributions
were used as input for finite-element calculations of
the deformation and stress in the laser slabs.14 The
final step in the calculation sequence was to use the
calculated temperature, deformation, and stress distri-
butions in a ray-trace algorithm to evaluate the optical
path length variations across the aperture.15 The effects
of refractive index responses to temperature and stress
were included in the calculations. 

Mechanical Design

The large scale of the NIF amplifiers requires new
mechanical designs that allow convenient assembly
and maintenance. Accordingly, the NIF amplifiers use
a modular design in which the most critical compo-
nents, including the flashlamps, laser slabs, and reflec-
tors, are mounted in line-replaceable units or cassettes
that can be readily inserted or removed without dis-
turbing their neighbors.16 See Figure 4. 

The design uses sealed maintenance carts that
access the bottom of the amplifiers in order to install
and remove flashlamp cassettes and four-high slab cas-
settes. The cassettes are inserted and removed from
their enclosure, called the frame assembly unit, which
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FIGURE 3. Alternating the direction of cooling gas flow through the
flashlamp cassettes enabled us to put cooling-gas connections at the
top of the amplifier, thereby simplifying the amplifier mechanical
design. (70-00-0199-0058pb02)



is supported by top plates mounted to an overhead
support structure. Plenums distribute electricity and
cooling gas to the flashlamps from the top, through
holes on the top plate. 

Each NIF 4 × 2 beam bundle uses an 11-slab-long
main amplifier that the beam passes four times, and a
five-slab-long power amplifier that the beam passes
twice. Assembly of these amplifiers begins in an off-
line clean room, where the frame assembly units are
cleaned and the top plates and blast shields with anti-
reflective coatings are installed. A flashlamp-light-
resistant polymer is used to bond the blast shields to a
metal frame, and silicone inflatable seals are used to
seal the metal frame to the inside of the frame assem-
bly unit. These seals reduce leak rates between the
flashlamp cavity and the slab cavity. After the blast
shields have been installed, frame assembly units are
bolted together to form 5- and 11-slab-long units that
are transported to the laser bay where they are
mounted to an overhead support structure by their top
plates. 

The laser slabs, reflectors, and metal parts that com-
prise the slab cassettes are spray-cleaned and assem-
bled in an elevated, class-100 clean room. We have to
maintain high cleanliness levels because small particles
resting on the laser slabs can cause damage when

heated by flashlamp and laser light. Current specifica-
tions call for the laser slabs and metal surfaces to be
maintained at cleanliness levels of 50 and 100, respec-
tively. The levels correspond to particle-size distribu-
tions in which there are only one 50- or 100-µm particle
per square foot of surface area, respectively. Following
assembly, the slab cassettes are lowered into a special-
ized clean cart. Once the cart has been moved to the
laser bay, it docks to the bottom of a frame assembly
unit and establishes a hermetic seal to maintain cleanli-
ness. After the top cover of the cart and the bottom
cover of the frame assembly unit have been pressed
together to trap residual particles, the cover pair is
moved to the side to open a passageway for the slab
cassette to be raised into the frame assembly unit.
Rollers mounted in the corners of the cassette guide
the cassette during insertion and prevent metal-on-
metal rubbing, which generates particles. A fail-safe
mechanism in the cart activates latches that hold the
slab cassette in place. Slab cassettes can be removed
for occasional refurbishment by reversing this installa-
tion process. Figure 5 shows a prototype slab cassette
cart, which has successfully completed some 50 slab-
cassette transfers in our laboratory. Similar carts will
be used to install and remove the NIF flashlamp cas-
settes and blast shields.

NIF Prototype Amplifier Design
We have built and tested a prototype amplifier at

LLNL to validate key requirements prior to deploy-
ment in NIF. This prototype amplifier was extremely
close to the NIF amplifier design, as it used the same
size flashlamps and laser slabs and nearly the same
reflector shapes. The prototype amplifier was slightly
more compact in the direction transverse to the laser
beam because the insertion clearances between the slab
cassettes and the frame assembly units are smaller, and
the blast shields are thinner. In addition, the prototype
was slightly more compact in the direction parallel to
the beam due to smaller gaps between frame assembly
units. Ray-trace codes that we have developed to pre-
dict amplifier gain show that the differences in gain
and storage efficiency between the prototype amplifier
and the NIF amplifiers are negligible. 

The prototype amplifier was tested as a one- , two- ,
and three-slab-long amplifier. Both the “diamond” and
“X” configurations of the two-slab-long amplifier were
tested. Amplifiers of different lengths were tested in
order to infer the gain and wavefront distributions of
the interior slab; this was important because the 5- and
11-slab-long NIF amplifiers have many interior slabs in
addition to X and diamond end slabs. Figure 6 shows
the diamond, X, and three-slab-long amplifier configu-
rations we tested.

To measure temperatures at approximately 80 
different locations inside the amplifier, we used 
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FIGURE 4. The NIF amplifiers use a modular design.
(70-00-0199-0059pb02)



The laser slabs in the prototype amplifier were fin-
ished from LG-770 glass made by Schott Glass and
LHG-8 glass made by Hoya. Both types of laser glass
had Nd ion concentrations of 4.2 × 1 020 i o n s / c m3. The
flashlamps were made by EG&G and ILC Technology.

Apparatus for Gain and
Wavefront Measurements

We constructed an optical diagnostic system to per-
form time-resolved gain and wavefront measure m e n t s
over the entire aperture of our prototype amplifier.
M e a s u rements were performed using a pulsed, injection-
seeded, single-longitudinal mode, Nd:YLF probe laser
operating at 1.053 µm. This laser produced 80-mJ, 
20-ns-long pulses at a repetition rate of 13 Hz. The pro b e
laser beam was expanded and image relayed by a series
of telescopes. After passing through the amplifier once,
the beam reflected back through the amplifier and tele-
scopes a second time. After returning from the amplifier,
a portion of the beam was sampled with a beam splitter
and reflected to scientific-grade charge-coupled device
(CCD) cameras for gain and wavefront measure m e n t s .
F i g u re 7 shows a schematic of our equipment. 

Amplifier gain distributions were determined by
calculating the ratio of the images produced by two
CCD cameras (the gain reference camera and the gain
probe camera); they recorded the laser beam intensity
before and after the beam passed through the ampli-
fier. Measured background contributions from the
flashlamp light and amplified spontaneous emission
were subtracted from the gain camera image. A correc-
tion factor for passive transmission losses was deter-
mined by firing the probe laser without firing the
amplifier flashlamps. Crosshair images were used to
ensure proper registration of the gain and reference
camera images. 

Wavefront distributions were measured by interfer-
ing the probe beam with a reference beam, which was
generated with an ~25-m-long single-mode optical
fiber cut so that its optical length approximately
matched the probe laser path length. To increase the
fringe contrast ratio, a half-wave plate and a polarizer
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FIGURE 5. The prototype slab cassette cart shown inserting a slab
cassette into the NIF prototype amplifier. (70-00-0199-0060pb02)

FIGURE 6. Plan view of the
prototype amplifier in the dia-
mond, X, and 3-slab-long con-
figurations.
(70-00-0199-0061pb02)

thermocouples. They were placed on three laser slabs
in one of the slab cassettes with holes drilled through
the slabs to establish good thermal contact. Thermo-
couples were also placed on flashlamps, blast shields,
and reflectors near the slab cassette. The purpose of
the temperature measurements was to determine the
initial temperature rise of the pump cavity compo-
nents and to determine cooling rates after shots.



were used to attenuate the probe laser to approxi-
mately the same intensity as the reference beam. Two
cameras were used to record interferograms on succes-
sive pulses of the 13-Hz probe laser. A Fourier-trans-
form technique was used to calculate wavefront
distributions from the interferograms.17 We checked
the calibration of the interferometer by measuring the
wavefront of a known lens. From this check, we esti-
mate the accuracy of our wavefront measurements to
be ±0.02 waves rms, for both cameras. Prompt pump-
induced wavefront distortion was determined by sub-
tracting the wavefront measured at the time of peak
gain from the wavefront measured 75 ms earlier. 

Measurement Results and
Comparison with Model
Predictions

Gain measurements were in close agreement with
model predictions. For example, Figure 8 shows mea-
sured and predicted gain-coefficient distributions for
the two-slab-long X configuration, with the flashlamp
pulses close to the 34-kJ per lamp, 360-µs-long pulses
anticipated for the NIF. Although the distributions in
Figure 8 characterize the aperture next to the bottom,
distributions measured in the other apertures were

167

DESIGN AND PERFORMANCE OF FLASHLAMP-PUMPED ND:GLASS AMPLIFIERS FOR THE NIF

UCRL-LR-105821-98-4

FIGURE 7. We constructed a
large-aperture diagnostic sys-
tem to measure gain and wave-
front distributions produced by
the prototype amplifier.
(70-00-0199-0062pb02)

FI G U R E 8. M e a s u red and predicted gain distributions for the two-slab-long X configuration, with flashlamps energized with 34-kJ-per- l a m p ,
360-µs-long pulses. Measurements were made in the next-to-bottom aperture . ( 7 0 - 0 0 - 0 1 9 9 - 0 0 6 3 p b 0 2 )



nearly the same, due to the vertical translation symme-
try of the pump cavity. Gain was lower on the right-
hand side of the aperture because the right-hand sides
of both slabs were close to the ends of the amplifier
where pump-light fluences were lower. Differences
between the model predictions and measurements
were less than 1% rms for all other combinations of
apertures and configurations (diamond, X, and 
3-slab-long). This agreement was achieved with a 
single value of the adjustable parameter used in the
model to scale the flashlamp pumping rate. 

P rompt pump-induced wavefront distortion mea-
s u rements were also in close agreement with model pre-
dictions. Figure 9 compares the measured and pre d i c t e d
p rompt pump-induced wavefront distortion for the X
configuration and for the standard flashlamp energy of
34 kJ/lamp. The results have been normalized to a sin-
gle-slab pass. The close agreement between measure-
ments and predictions was obtained using a scaling
factor that adjusts the prompt temperature rise in the
slab relative to the calculated pumping rate. Equally
close agreement was obtained for other apertures and
for time delays of up to 1 ms after the time of peak gain,
using a single value for the scaling factor. 

In addition to the optical characterizations, we also
performed temperature measurements to determine
the efficacy of the flashlamp cooling system. Figure 10
shows average slab temperature versus time after a
flashlamp shot, for two cases: (1) with flashlamp gas
set at ambient temperature; and (2) with the flashlamp
cooling gas set 0.5°C below ambient temperature. Our
data show that the average slab temperature recovers
to within ~0.1°C of the ambient temperature in about
eight hours using ambient-temperature cooling gas,
and in about four hours using slightly chilled gas.
Measured gas distortions had high frequency compo-
nents, with the rms amplitude varying linearly with
the difference between the average slab temperature

and the ambient temperature. Measured slab distor-
tions were low order and recovered to less than 
0.04 waves (peak-to-valley) per slab per pass within
3–4 hours after each shot. This measurement is consis-
tent with the magnitude of the slab distortions, which
we expect to correct with a deformable mirror on NIF. 
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FIGURE 9. (a) Measured and
(b) predicted prompt pump-
induced wavefront distribu-
tions for the two-slab-long “X”
configuration, with flashlamps
energized with 34-kJ-per-lamp,
360-µs-long pulses. Measure-
ments were made in the next-
to-bottom aperture.
(70-00-0199-0064pb01)

FIGURE 10. Using slightly chilled (–0.5°C) cooling gas accelerates
slab thermal recovery rates. (70-00-0199-0065pb02)

Performance Predictions for the
NIF Amplifiers

Figure 11 shows the beamline-averaged gain-
coefficient distribution for a NIF laser beam, pre d i c t e d
by our validated 3D ray-trace code. The code took into
account several features of the NIF amplifiers that were



d i ff e rent from the prototype amplifier: pro t e c t i v e l y
coated Ag reflectors with stable, higher re f l e c t a n c e s ;
i m p roved, two-layer sol-gel antireflective coatings on
the blast shields; use of equal numbers of LG-770 and
LHG-8 laser slabs; and slight re f l e c t o r-shape diff e re n c e s .
The predicted aperture-averaged gain coefficient was
5.3%/cm, and the distribution shows the expected gain
ro l l - o ff near the edges due to ASE. Propagation code
modeling of the NIF beamline shows that the gain has
s u fficient magnitude and uniformity for the NIF laser to
meet its beam power and energy re q u i rements. To
achieve a uniform output fluence distribution and maxi-
mum beam output energ y, however, the input fluence
distribution of the injected laser beam has to be tailore d
to compensate for the anticipated gain variations. 

F i g u re 12 shows the total prompt pump-induced
w a v e f ront distortion for a NIF beamline, predicted with
our codes using the source-term scaling factor derived
f rom AMPLAB experiments. The distribution is a 
l o w - o rder “M” shape, with a peak-to-valley value of 
5.9 waves. This distribution possibly overestimates the
p rompt pump-induced wavefront distortion that the NIF
beamlines will actually produce, because it is conceivable
that stray flashlamp light may have distorted the optics,
which are part of the diagnostic. Nonetheless, the pre-
dicted distortions are within the range that now appears
to be largely correctable with the NIF deformable mirro r. 

To estimate the effect of the gas distortions on the
NIF laser beams, we scaled the gas distortions mea-
sured on the prototype amplifier to account for the
greater path length and greater number of slabs in the
NIF amplifiers. In addition, we used a beam propaga-
tion code to calculate the beam focal spot. Our estimate
shows that the gas distortions will meet the NIF

re q u i rement (less than 5 µrad added beam diverg e n c e )
within 3 hours after the shot, provided the temperature
of the flashlamp cooling gas is ~1°C below the ambient
t e m p e r a t u re. Figure 13 shows model results for flash-
lamp cooling with gas at ambient temperature and at
1°C below ambient temperature. The conservative and
a g g ressive estimates correspond to scaling the AMPLAB
results by length (for aggressive estimates) and by num-
ber of laser slabs (for conservative estimates).
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FIGURE 11. NIF beamline-averaged gain-coefficient distribution
predicted with the 3D ray-trace code. (70-00-0199-0066pb01)

FIGURE 12. NIF beamline prompt pump-induced wavefront distor-
tion predicted with ray-trace and finite-element codes.
(70-00-0199-0067pb02)

FIGURE 13. Predicted gas-distortion phase disturbances in NIF for
ambient and chilled gas cooling. Aggressive and conservative
assumptions are used to bracket the problem.     (70-00-0199-0068pb02)



Conclusion and Summary

Advances in amplifier technology developed for the
NIF include a modular design and bottom-access carts
to improve maintenance; features to improve storage
efficiency that reduces the size and cost of the power-
conditioning; and active gas cooling to accelerate the
laser shot rate. Further, gain, wavefront, and thermal
recovery measurements performed on the NIF proto-
type amplifier are consistent with meeting NIF perfor-
mance requirements. 
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Introduction
The National Ignition Facility (NIF) in the United

States1 and the Laser Megajoule (LMJ) in France2—the
next generation of high-energy, high-power laser
drivers—have the potential of achieving thermonu-
clear fusion in the laboratory. One key element of
achieving that goal is coupling a significant fraction of
that energy to a fuel capsule. We can relate the quan-
tity of x-rays absorbed by an indirect-drive ignition
capsule, Ecap, to the laser energy, EL, via the expression 

Ecap = ηabs ηCE ηHR-cap EL , (1) 

where ηabs is the fraction of incident laser energy
absorbed by the hohlraum, ηCE is the conversion effi-
ciency of laser light into x rays, and ηHR-cap is the f r a c-
tion of generated x-rays that are actually absorbed by
the capsule. As indicated in Figure 1, ηabs is typically
assumed to be 1 – (SBS + SRS), where SBS is the frac-
tion of incident laser light reflected or scattered out of
the hohlraum by stimulated Brillouin scattering and
SRS is the fraction reflected by stimulated Raman scat-
tering.3 EL is nominally 1.8 MJ for both LMJ and NIF.
In the case of NIF, the standard point design capsule4,5

absorbs 150 kJ of x rays, requiring ηabs ηCE ηHR-cap =
0.083. Additional constraints4 are that the hohlraum be
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FI G U R E 1. Our traditional tech-
nique for measuring hohlraum
drive is to measure the absolute
flux of x rays emerging through a
hole in the side of the hohlraum.
M o re recently we have changed
to measuring the absolute flux of
x rays emerging from the laser
entrance hole (LEH) at an angle
between 22 and 38°.
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gas filled, the laser pulse shape be carefully tailored,
and the peak radiation temperature (Tr) be 300 eV. 

Numerical simulations of NIF ignition hohlraums
show a theoretical conversion efficiency of ~80% and
an ηH R - c a p of ~14%, producing a theoretical ηC E ηH R - c a p
of 0.11. Compared to the 0.083 re q u i red eff i c i e n c y, 
this provides a 25% margin. This margin was inten-
tionally incorporated into the U.S. program in the early
’90s in order to compensate for uncertainties, allowing
us to be off somewhat in our assumptions and still be
able to achieve ignition. For example, if ηabs = 1 and
ηCE ηHR-cap = 0.11, then EL = 1.35 MJ would success-
fully drive our ignition design. Or if stimulated
backscattering losses proved to be as much as 25% but
ηCE ηHR-cap = 0.11, then NIF’s expected 1.8 MJ will suc-
cessfully drive the ignition design. Likewise, if ηabs >
0.75 and EL = 1.8 MJ, then values of ηCE ηHR-cap < 0.11
would also work. Similar arguments also apply to the
LMJ laser.

Given this picture of capsule coupling efficiency,
much of our ongoing Nova research can be broken
down into two tasks related to hohlraum energetics. 
1. Make ηabs as close to 1 as possible in ignition

hohlraums. 
2. Test if ηCE ηHR-cap is as given by hydro 

simulations. 
Success in these two tasks will reduce the uncertainty

associated with ignition and perhaps allow us to more
p rofitably use the 25% margin built into the program. 

These Nova experiments and their related analysis
indicate that both LMJ and NIF coupling efficiency will
meet the requirements for ignition. Ongoing experi-
ments studying stimulated Brillouin and Raman
backscattering (also known as laser plasma interac-
tions or LPI) in ignition hohlraum “plasma emulators”
imply that the total backscattered losses from these
two processes should be <10%. These experiments are
detailed elsewhere.6 Here we discuss recent work
examining the radiation environment of Nova
hohlraums. This work indicates that x-ray production
and capsule coupling indeed are very close to our
modeling. 

ηCE ηHR-cap
We can test our ability to properly predict 

ηCE ηHR-cap by testing our ability to model/predict the
relationship between a hohlraum’s drive Tr(t)

4 and the
incident laser power PL. To see this heuristically,
rewrite equation (1) as 

ηCE ηHR-cap (ηabs PL) = Pcap = (1 – αcap)AcapσTr
4, (2) 

w h e re PL is the laser power, Pcap = d Ec a p/d t , Ac a p i s
the area of the capsule, αcap is the fraction of incident 
x rays reemitted by the capsule (also known as its
albedo), and σ is the Stefan-Boltzmann constant. Thus,

for a given capsule of known albedo and area, if we
know ηabs, then a knowledge of the relationship
between laser power, ηabsPL, and Tr

4 gives us knowl-
edge of ηCE ηH R - c a p. 

For a number of years experiments have been car-
ried out on Nova7,8 and on other facilities9 to measure
radiation flux, or drive, in laser-heated hohlraums. The
principal experimental technique was to measure abso-
lute x-ray flux emerging from a diagnostic hole in the
side of the hohlraum (which we call here “traditional
dante”) as shown in Figure 1. The earliest experiments
demonstrated the fundamental scaling of drive with
laser energy, pulse duration, and hohlraum dimen-
sions. This work also demonstrated increasing
hohlraum x-ray conversion efficiency with increased
plasma filling; a consequence of the confined nature of
the system.8,9 Efforts were also made to use the tradi-
tional-dante data to test the ability of detailed numeri-
cal simulations to model the time-dependent
hohlraum drive. This work was done both by U.S.
researchers with the LASNEX computer code and by
French scientists using the code FCI-2 (Fusion
Confinement Inertial). Unfortunately, comparisons
with detailed modeling often suffered at later times,8

as shown in Figure 2. We long suspected that this dis-
agreement was not due to fundamental errors in our
two-dimensional (2D) modeling but, rather, due to the
three-dimensional (3D) nature of our measurements. In
particular, we suspected that a plume of cold plasma
might be emerging from the hole at later times and
scatter out of the diagnostic’s line of sight some of the
collimated x-ray flux emerging from the hole. For
example, a cold plume of optical depth 0.2 could
reduce the measured, collimated x-ray flux by 20%. 
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FIGURE 2. “Traditional dante” measurements of time-dependent
hohlraum temperature, proportional to (x-ray flux)1/4, agrees with
detailed simulations up to a certain point. Beyond that, traditional
dante is cooler than the modeling. (50-00-0199-0086pb01)



Since the publication of the papers demonstrating
and explaining fundamental drive scaling,7,8 we have
redressed the issues related to detailed time-dependent
drive in the course of making a number of significant
changes in the way in which we study hohlraum drive.
These changes include:

1. We now do indirect-drive experiments on
Rochester’s OMEGA facility.10 This has demon-
strated the fundamental reproducibility of radi-
ation drive in two ways. First, results from that
facility behave, quantitatively, as we expect
from Nova experiments. Second, the very repro-
ducible laser performance has resulted in drive
m e a s u rements that virtually overlay one
another. 

2. Ten smoothed beams have been implemented
on Nova,11 g reatly reducing the backscatter in
many classes of hohlraums. Complementing
this, we now have time-dependent measure-
ments of stimulated Brillouin and Raman
backscatter losses available on a regular basis.12

3. A very complementary relationship between 
the French ICF program and the Livermore ICF
p rogram has led to a broad range of experiments
w h e re, together, we have explored not only
main-line ignition hohlraums, but also “pushed
the envelope” in drive physics. Figure 3 shows 
a sample of the variety of hohlraums we 
have shot through this collaboration. They
include “scale 1.0” (25-µm-thick Au cylinders 
1.6 mm in diameter, ~2.4 mm long, typically
with 1.2-mm-diam laser entrance holes, LEHs, in
the endcaps) gas-filled and vacuum hohlraums,

various-size reduced-scale hohlraums, some of
which are gas filled, and very large hohlraums.
These hohlraums were irradiated by a variety of
pulses, including flattop pulses of varying
lengths and the shaped pulses of Figure 4. As
we describe below, many of these experiments
have been modeled by both the French ICF code
(FCI-2) as well as by LASNEX. The agre e m e n t
that we find between these two independent
codes and experiments is important. It increases
our confidence that our successful modeling is
due to having properly implemented the essen-
tial physics in both our design codes.

4. Possibly the most significant improvement we
have made has been to adopt a new diagnostic
line of sight; one that measures absolute x-ray
flux emerging from the LEH (see Figure 1).13,14

This was used first on OMEGA1 3 and then on
N o v a .1 4 We first tried this because of our con-
cerns, mentioned above, that the later time dis-
c repancy between traditional dante and 2D
modeling could be due to the 3D nature of the
measurement. We reasoned that a 2D code that
includes all the essential physics ought to be
able to model an axisymmetric line of sight,
such as one through the LEH. More o v e r, the
plasma plume emerging from the LEH is hot
(and there f o re transparent to soft x rays) and
can be included in our modeling. 

Given this background, the balance of the paper
divides into two sections. In the first section, we pre-
sent a sampling of drive measurements made on the
variety of OMEGA and Nova hohlraums shown in
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FIGURE 3. We have shot a vari-
ety of hohlraums on both Nova
and OMEGA. They include gas-
filled hohlraums and empty (or
“vacuum”) hohlraums of vari-
ous sizes. A scale 1.0 Nova
hohlraum is typically 1.6 mm
diam, 2.5–2.8 mm long, has
LEHs that are 50–75% of the
hohlraum diameter, and are
made of Au. Other size
hohlraums are scaled from these
figures. The NIF point design
hohlraum is ~3.45 times the
Nova hohlraum size. Gas-filled
hohlraums have polyimide win-
dows, typically 3500 Å thick.
(50-00-0199-0087pb01)



Figure 3, heated by the range of pulse shapes (ps) 
discussed above. The close comparison between mod-
eling and measurement allows us to quantify the accu-
racy with which we can model Tr

4(t), which in turn
gives us confidence that we can accurately model 
ηCE • ηHR-cap in an ignition hohlraum. 

In the second section, we discuss the set of experi-
ments that conclusively demonstrated that the late
time discrepancy between traditional dante and mod-
eling becomes progressively worse with longer pulses,
while drive measured through the LEH line of sight
agrees reasonably well with simulation. These experi-
ments led to a general acceptance of the LEH line of
sight and a repudiation of the traditional dante line of
sight in hohlraums that “fill” with plasma. However,
just because the LEH line of sight agrees with expecta-
tions, it does not mean it is right. In this section, we
also discuss work we have done to independently vali-
date this line of sight. 

OMEGA and Nova Drive
Measurements and Modeling

In April 1998, a series of scale 1.0 hohlraums contain-
ing capsules were fielded on OMEGA.These hohlraums
w e re irradiated by OMEGA ps26 (see Figure 4). The
hohlraums were oriented so OMEGA dante peered into
the hohlraums’ LEH at a polar angle of 37.5°. The solid

line of Figure 5 re p resents the drive measured on eight
consecutive experiments which had essentially the same
incident laser power vs time. Two diff e rent LASNEX
simulations of the LEH drive are shown. They span the
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FIGURE 4. We irradiated these
hohlraums with a wide variety of
pulse shapes. Plotted are the pulse
shapes we typically use for ignition-
related experiments.
(50-00-0199-0088pb01)

FIGURE 5. Omega ps26 drive measurment vs LASNEX. The experi-
mental data from eight shots overlays one another.
(50-00-0199-0089pb01)



uncertainty in absorption. In order to model a hohlraum
with either FCI-2 or LASNEX, we must first reduce the
m e a s u red, incident laser power by the measured SBS
and SRS losses. The upper curve of Figure 5 assumes
that the backscattering losses were only what was seen
coming directly back into the lens of the OMEGA beam
that has a backscatter diagnostic. The lower curve,
which nearly coincides with the experimental measure-
ment, assumes that there was also an equal amount of
backscatter outside the beam (where there is not yet a
diagnostic). This second assumption is consistent with
extensive Nova experience.1 5 R e g a rdless of the
backscattering assumption, the modeling simulates the
experiment within ~10% in flux not only throughout the
pulse but also well after the laser is turned off, at 2.3 ns. 

Figure 6 shows the drive in a methane-filled scale
1.0 Nova hohlraum irradiated by Nova ps26 (Ref. 11).
All 10 of Nova’s beams were smoothed with kinoform
phase plates (KPP)16 and smoothing by spectral dis-
persion (SSD).17 The radiation flux emerging from the
LEH at a polar angle of 25° was measured with an
absolutely calibrated photo-conducting diamond
(PCD)14 “flat response” detector. Figure 6 shows
detailed modeling of the LEH radiation flux made
with LASNEX to be quite close to the experiment
throughout the pulse; the experimental peak being
about 7% higher than simulation.  Similarly, Figure 7
shows a propane-filled scale 0.75 hohlraum irradiated
by ps22 compared with both French and U.S. simula-
tions. The propane fill corresponded to a fully ionized
density ~1.8 × 1021 electrons/cm3 or ~0.2nc, where nc is
the critical density. The hohlraum was irradiated by 10
smoothed beams (KPP only, no SSD). The performance
of this relatively high-energy-density, gas-filled

hohlraum, which achieved 260 eV, is very close to both
FCI-2 and LASNEX.

Finally, Figure 8 plots the LEH flux per square 
centimeter from three of the most extreme hohlraums
we have shot. It demonstrates detailed, quantitative
understanding of drive that spans two orders of 
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FIGURE 6. LEH drive measurement and modeling for a Nova
methane-filled hohlraum irradiated by ps26. (50-00-0199-0090pb01)

FIGURE 7. Scale 0.75 ps22 propane hohlraum. Both FCI-2 and 
LASNEX agree with one another and with the data. 
(50-00-0199-0091pb01)

FIGURE 8. LEH measurements (GW/cm2/sr) and modeling from
three very different types of experiments. The upper curve is from a
scale 0.625 hohlraum irradiated with ps22. The middle curve is a
scale 1.0 hohlraum irradiated with a 3-ns flattop. The lower curve is
a scale 3.0 hohlraum irradiated with a 14-ns pulse constructed by
sequentially firing eight of Nova’s ten beams. (50-00-0199-0092pb01)



magnitude in radiation flux/cm2/ s r. The upper curves
show experiment and simulation for a scale 0.625 vac-
uum hohlraum irradiated by ps22. It achieved a peak Tr
of ~283 eV. The middle curves plot experiment and simu-
lation for a scale 1.0 hohlraum irradiated by a 3-ns flattop.
FCI-2 and LASNEX have modeled both of these experi-
ments and, as is shown, agree very well both with each
other and with the measurements. Finally, the lower
curves are the LEH drive from a scale 3.0 hohlraum irra-
diated by 1.9 TW for 13.5 ns. Once again there is excellent
a g reement between experiment and simulation. The
rolling nature of the data in the lower temperature
hohlraum is explained by Nova’s beams being fire d
sequentially in order to produce this long pulse shape,
instead of simultaneously.1 8 This rolling cannot be
included in our axisymmetric 2D modeling. 

We have used LASNEX and FCI-2 to simulate, in
detail, a wide variety of experiments. Examination of
our entire collection of data leads us to estimate that
LASNEX reproduces LEH measurements of time-
dependent Tr(t)

4 to 4%±7%. By this we mean that the
experimental Tr(t)

4 measurement will typically be 
contained within a band constructed by taking 
1.04 • TLasnex(t)4±7%. However, the absolute calibra-
tion uncertainty of our principal x-ray flux diagnos-
tic19 is ±10%. Adding this in quadrature to the ±7%
leads us to conclude that the true Tr(t)

4 will be
1.04±0.12 of LASNEX’s Tr(t)

4. 
Given this, we conclude that for a given capsule

area and albedo, an ignition hohlraum’s ηCE ηHR-cap
will be ~1.04±0.12 of coupling predicted by our simula-
tions. Applying that to the NIF point design gives an
estimated coupling of 0.115±0.012. 

Discussion
Over the years various re s e a rchers have fre q u e n t l y

speculated that hohlraums will begin to fail at 0.1nc.
This has been based on the pessimistic assumption
that laser plasma instabilities will necessarily wre a k
havoc with the intense laser beams at densities higher
than this. However, pulse-shaped, re d u c e d - s c a l e
hohlraums, such as the 0.625 scale that provided the
upper radiation flux plot of Figure 8, are part of a
database that belies this assumption. For example,
F i g u re 9 plots electron density contours at 2 ns from a
simulation of the scale 0.625 hohlraum. At this
instant, which is the time of peak radation drive, sim-
ulations indicate that the plasma density inside the
hohlraum is everywhere greater than 0.2nc. Indeed,
most of the plasma volume traversed by the laser
would appear to be nc/4 or higher. In spite of this, the
hohlraum radiation flux appears to be in very good
a g reement with expectations indicating that the
hohlraum is working well. More o v e r, the measure d
backscattering is relatively low; the time integrated
SBS + SRS being <10%. 

That hohlraums continue to operate properly, even
when very filled with plasma, coupled with low
backscatter losses with 10 smooth beams, has allowed
us to greatly exceed performance goals set for us by
the National Academy of Sciences in their Nova
Technical Contract (NTC). The NTC called for temper-
atures >210 eV in pulse-shaped, “advanced” (e.g., gas-
filled) hohlraums and >230 eV in vacuum, pulse-
shaped hohlraums. Figure 10 compares predicted peak
temperatures with measured peak temperatures for
our database of pulse-shaped hohlraums shot from

176

STATUS OF OUR UNDERSTANDING AND MODELING OF IGNITION HOHLRAUM X-RAY COUPLING EFFICIENCY

UCRL-LR-105821-98-4

FIGURE 9. The scale 0.625 hohlraum of Figure 8 filled to relatively
high plasma density by 2 ns. Nevertheless, the drive measurement
indicates that it is performing as expected. (50-00-0199-0093pb01)

FIGURE 10. Comparisons of predicted peak temperatures with
measured peak temperatures for our database of ignition-relevant
pulse-shaped hohlraums shot from 1995 through 1998.
(50-00-0199-0094pb01)



1995 through 1998. The NTC goals were laid out in
1990 and, at the time, were considered quite challeng-
ing. Our recent experiments very significantly exceed
the NTC requirements, underscoring the technical
progress we have made since that time.

The close agreement between simulation and exper-
iment after the peak of the laser pulse provides valida-
tion of one important aspect of simulations: the way in
which hohlraums manifest energy conservation at later
times. In a long-pulse hohlraum, considerable thermal
energy can be stored in the hot corona blowoff that fills
it. After the peak of the laser pulse, this blowoff can
cool, converting the released thermal energy to radia-
tion. The later time release of stored plasma energy is a
noticeable part of Nova-scale energetics and an even
more important part of larger scale ignition hohlraum
energetics. Without it, significantly more late-time
laser power would be needed to maintain the desired
radiation temperature.8,9

Validating the LEH Line of Sight
In 1997 we performed a compelling series of experi-

ments which demonstrated that in situations where
there is gross disagreement between traditional dante
and modeling, the LEH line of sight indicates that the
hohlraum is in fact performing as expected. This
sequence of experiments provided the strongest evi-
dence to date that there is something wrong with the
traditional dante line of sight later in times, when the
hohlraums fill with plasma (more precisely, after the
time at which wall blowoff stagnates on axis, thereby
ending the hohlraum’s free-expansion phase). This
“build-a-pulse” (BAP) experimental series consisted of
scale 1.0 vacuum hohlraums with 75% LEHs irradiated
with flattop laser pulses that varied from 0.6 ns to 3 ns.
The dante holes themselves were the standard “Be-
washer” type.7 For example, Figure 11 plots the
observed and simulated traditional dante flux vs time
for a hohlraum irradiated by a 3-ns flattop. It is quite
evident that after ~1 ns, there can be extraordinary dis-
agreements between this measurement and modeling
with both codes. For very filled systems like this, the
disagreement can be far worse than we typically saw
(cf Figure 2).  In this case there is approximately a fac-
tor of three difference in integrated flux. In contrast,
the drive measurements made through the LEH on all
these experiments (e.g., the middle curves of Figure 8
show the 3-ns BAP experiment and modeling) were
very much closer to our expectations throughout the
pulse and even after the pulse.  

The gross difference between findings from the two
views quickly led to the LEH line of sight becoming
the preferred drive diagnostic for virtually all experi-
ments. However, we were quite concerned that just
because the results are close to our expectations, it
does not guarantee that they are right. For example,

one could construct a pathological situation that could
make the LEH drive seem “right” yet still starve the
center of the hohlraum of radiation. This scenario com-
bines lower than expected radiation production with
greater than predicted plasma evolution. This could
conspire to move the weaker source close to the LEH,
where it would look bright but no longer effectively
heat the center of the hohlraum. 

In an effort to validate that the central temperature
in a hohlraum really is close to modeling, we per-
formed two types of experiments. The first type was to
measure the burn-through time of thin gold foils cov-
ering holes in the center of a hohlraum. The thick-
nesses were chosen so that the burn-through times
would readily distinguish which of two grossly differ-
ent drives was more likely correct. These burn-through
measurements were part of our second series of BAP
experiments. We observed burn-through signals on
four of six foils placed on the hohlraums (no signals
were seen on two foils which were thick and should
have been weak). The burn-through times of the four
foils is consistent with simulated drive (which, for
these hohlraums, is very close to the simulated LEH
drive). Figure 12 plots expected burn-through time
against observed burn-through time. The expected
times were calculated by a 1D LASNEX simulation
using STA opacities.20 The simulated foils were driven
with multifrequency radiation sources extracted from
LASNEX simulations of each experiment. The close
agreement between observed burn-through time and
simulated burn-through time is further evidence that
hohlraums, at late-time, are performing approximately
as modeled. This, in turn, is evidence that the LEH
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FIGURE 11. Traditional dante measurement of radiation tempera-
ture from a 3-ns BAP experiment compared with modeling.
(50-00-0199-0095pb01)



line-of-sight provides a valid measure of late-time
drive while the traditional-dante line of sight may not.

Complementing the burn-through measurements,
we also have made a few measurements on “half-
hohlraums.” The basic idea is to cut a hohlraum in
half, irradiate it through only one end and use the
“LEH” drive diagnostic to measure the x-ray emission
through the open, unirradiated end. If the open end of
the hohlraum were, in fact, being starved of radiation
at later times, then it should be very evident in the
LEH drive diagnostic. Figure 13 is a comparison of
simulated and measured radiation flux vs time from a
scale 1.41 hohlraum irradiated by an 8-ns-long droop-
ing pulse. In the simulated hohlraum, there is a large
amount of plasma evolution that progressively moves
the laser deposition region closer to the LEH through-
out the pulse. Nevertheless, the flux exiting the mid-
plane of this half-hohlraum is quite close to what we
expect, indicating that in this very long-pulse system
the center of the hohlraum is not “starved” of radiation
but is, in fact, receiving close to the expected amount.
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FIGURE 12. Burn-through foil measurements made on BAP
hohlraums are consistent with drive measurements made through
the LEH and with simulation. (50-00-0199-0096pb01)

FIGURE 13. Radiation flux emerging from the midplane of a half-
hohlraum irradiated by a very long pulse. This indicates that a real
hohlraum midplane will not see a radiation flux that is significantly
different than that expected from radiation hydrodynamic simula-
tions. (50-00-0199-0097pb01)
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Nova Operations
Nova Operations performed 256 experiments dur-

ing this quarter, which was enough to exceed the goal
of 900 experiments during FY98. These experiments
supported efforts in ICF, Defense Sciences, university
collaborations, Laser Science, and Nova facility main-
tenance. 

While continuing to make minor improvements to
the capabilities of Nova, we began the process of plan-
ning the decommissioning of the Nova facility during
the upcoming fiscal year. Nova will be shut down to
make room in Building 391 for National Ignition
Facility (NIF) Project activities. Some of the laser com-
ponents from Nova will be reused in the NIF facility;
the remaining components will be made available for
use at other facilities. 

The operation of the Petawatt Laser Project was sub-
stantially improved with the installation of a set of
mirrors that allows beamline 6 to bypass the 46-cm
amplifiers without physically removing them from the
space frame. This saves several hours during the pro-
cess of converting that beamline to and from the
Petawatt configuration, allowing Nova to use beam-
line 6 for Petawatt shots and ten-beam target shots
during the same day. Also during this quarter, we initi-
ated the installation of hardware required for a cam-
paign of cryogenic ten-beam target shots, which are
among the 585 experiments planned for next year.

Beamlet Operations
The fourth quarter of FY98 saw Beamlet complete

its mission as laser physics and engineering test bed
for the National Ignition Facility (NIF). The last
Beamlet shot was fired on July 31, capping a highly
productive four-year period of NIF laser technology
and component development activities, including over
1000 full-system shots in over twenty experimental

campaigns since its activation milestone in September
1994. In the first month of this quarter, 46 shots were
completed in two campaigns: (1) large-aperture 
damage testing of a polarizer and mirrors for the
French Commissariat a l’Energie Atomique (CEA) and
(2) high-energy operation of a NIF-like final optics 
configuration at 3ω (the third harmonic). Shutdown
activities commenced immediately thereafter. 

The damage testing of the CEA polarizer was 
conducted with “p” polarized light at a beam size of 
34 cm. The polarizer was conditioned off-line prior to
the test. Minor damage sites a few hundred microns in
size were observed after the first shot at an aperture -
averaged fluence of 1.9 J/cm2 in a 9-ns square pulse.
This was the only damage observed, however, and it
did not grow on subsequent shots at fluences up to
11.9 J/cm2. Two CEA mirrors were also damage
tested. One of the mirrors was unconditioned and the
other had two levels of conditioning applied in diff e r-
ent regions of the aperture. Both mirrors were exposed
to aperture-averaged fluences of 20 to 30 J/cm2 in 
3-ns square pulses, which was achieved by position-
ing the mirrors 3.5 m downstream of the Beamlet final
focus lens at a beam size of 17.8 cm. The only damage
o c c u r red midway through the testing of the first 
m i r ror and was caused by contamination. 

The high-energy tests of NIF prototype final optics
achieved third-harmonic fluences of up to 8 J/cm2 and
NIF-equivalent energies of up to 9.6 kJ in 3-ns square
pulses. The purpose of the test was twofold: (1) to vali-
date the design of the NIF final optics cell (FOC) at
high fluence and (2) to operate an integrated NIF-like
final optics package, including diffractive optics, to
obtain data for estimating component lifetimes on the
NIF. Tests of the FOC alone confirmed that it can be
operated at full fluence without the large-area damage
previously observed and attributed to a mismanaged
back reflection. Isolated damage was observed, how-
ever. Results of the integrated tests revealed problems
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with color-separation–grating (CSG)-induced beam
modulation and damage associated with the sol-gel
coating being nonconformal with the grating—an
effect previously identified as being responsible for
reducing CSG diffraction efficiency. Improved CSG
designs under development are expected to eliminate
this problem.

Disassembly of the Beamlet Facility began on 
August 3. Approximately two-thirds of the laser was
designated to be shipped to Sandia National
Laboratories (SNL), New Mexico, for use as a back-
lighter on the “Z pinch” facility. The remaining one-
t h i rd was packaged and turned over to various gro u p s
of the NIF Project. The disassembly was completed by
October 1, and the facility was turned over to Lawre n c e
L i v e r m o re National Laboratory’s (LLNL) Plant
Engineering Directorate for transition to the NIF Frame
Amplifier Unit Assembly Area. Over 350 crates were
shipped to SNL, varying in size from 2 ft square to the
l a rgest crate containing the front-end frame which was 
7 ft tall, 8 ft wide and 51 ft long and weighed ~18,000 lbs.
The large amplifiers are still on site, in storage, awaiting
clean disassembly and eventual transfer to SNL.

National Ignition Facility

Overall Assessment

Overall progress on the NIF Project remains satis-
factory for the fourth quarter of FY98. The current top-
level assessment of Project status remains similar to
that stated at the end of the third quarter 1998; that
there will be no change to the fourth quarter 2001
Level 2 milestone for the End of Conventional
Construction, nor to the fourth quarter 2003 Project
Completion date. However, the NIF Project Office now
anticipates that based upon the status of Conventional
Facilities, CSP-4, work on the Laser Bay Core and the
status of Special Equipment design and procurement,
there could be an impact of 6 to 8 weeks in the fourth
quarter 2001 completion of the Level 4 milestone for
start-up of the First NIF Bundle. The impact of current
field conditions on this important milestone, which is
to be completed in three years, continues to be evalu-
ated on a weekly basis at the Project Top Ten
Scheduling meeting.

For NIF Conventional Facilities, fourth quarter 1998
was a period of relatively high productivity. Work
completed in the field progressed from 17.5% at the
end of June to over 28% by the end of September.
Efforts on the site rapidly accelerated as the average
manpower on site increased to over 180 and will
approach 300 by the end of the first quarter 1999. The
structural steel erection, bolting, and plumbing has
been completed for the Laser Bays and Core sections,
and roofing and siding is in process, but the progress

on critical interfaces to CSP-9 is approximately eight
weeks behind schedule. Efforts to accelerate the Laser
Bay steelwork during the fourth quarter 1998 did not
materialize due to labor difficulties with the ironwork-
ers, but the Laser and Capacitor Bay areas will be suffi-
ciently “dried-in” prior to the start of the rainy season.
The concrete walls have been poured to about ground
level in the Target Area and Switchyards, and installa-
tion of the Target Chamber on its pedestal is on sched-
ule for March of 1999. The Optics Assembly Building
(OAB) structural steelwork is complete and is gener-
ally on schedule.

In Special Equipment, at the end of the fourth quar-
ter the Mid-Title II (65%) Design Reviews were 93%
complete, and final Title II (100%) Design Reviews were
60% complete. There were four Special Equipment 
Title II (100%) Design Reviews planned for FY98 that
remain to be completed in the first quarter 1999. Design
c l o s u re and drawing production were slower than
planned, but critical path designs were generally on
schedule. Major awards have been made for the spatial
filter vacuum vessels and vacuum beam tubes, the
Laser Bay stru c t u res, and for the Switchyard 2 stru c-
tural steel tubing. 

In Optics, facilitization was in final stages at most
vendors as they started or pre p a red to start pilot in
early FY99. All laser glass contracts were either in
place or will be placed at the beginning of the new 
fiscal year. Nd was in hand at both Schott Glass
Technologies and Hoya Optics for their pilots.
Potassium dihydrogen phosphate (KDP) rapid-gro w t h
facilitization at Cleveland Crystals, Inc. (CCI) and
Inrad has gone well, and they have made excellent
p ro g ress growing their first crystals, up to 27 cm in
size. Corning was nearing completion of facilitization.
The accelerated fused silica pilot was awarded early in
September and has begun. Tinsley continued to make
excellent pro g ress on their finishing facility, and they
demonstrated outstanding performance with the first
four lenses, which will be used on the NIF first bun-
dle. Zygo was making good pro g ress with their facil-
i t y, including resolution of the pitch pro b l e m
discussed in previous reports and initial hiring for
pilot production. The University of Rochester
Laboratory for Laser Energetics (UR-LLE) and
Spectra-Physics continued to make good pro g re s s
p reparing for their pilots.

Key Assurance activities during the fourth quarter
were all on schedule, including construction safety
support, litigation support to the Department of
Energy (DOE) for the settlement of 60(b) (e.g., quar-
terly reports), and the Final Safety Analysis Report. The
Pollution Prevention and Waste Minimization Plan was
completed in August, one month ahead of schedule,
achieving a Level 2 DOE milestone.

There were 39 DOE/OAK Performance
Measurement Milestones due in the fourth quarter,
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and 33 were accomplished. There were a total of 
95 milestones due through the end of FY98, and 
85 have been accomplished.

Site and Conventional Facilities

The fourth quarter of FY 1998 was a period of high
productivity for NIF Conventional Facilities. Work
completed in the field progressed from 17.5% at the
end of June to over 28% by the end of September.
Efforts on the site are rapidly accelerating as the aver-
age manpower on site has increased to over 180 and
will approach 300 by the end of the first quarter 1999.

Bolting the core steel was the main focus on the
Laser Building so that as much of the deck as possible
could be released to CSP-9 to allow for rough-in and
concrete placement to start in September. Bolting and
plumbing of Laser Bay 1 lagged due to the lack of iron-
workers, but by the end of September, the entire crew
completed work on the core and started work on Laser
Bay 1, which should be completed during the month
of October.

Roofing operations started in September and made
significant progress. In the three-week time frame that
the roofing subcontractor worked, the entire Laser 
Bay 2 roof was dried-in along with nearly half of the
Laser Building core area. The roofing subcontractor
accelerated its schedule to complete all the roofing on
the Laser and Target Area Building (LTAB) in an eight-
week time frame.

A primary focus of work for October will be to con-
tinue to “dry-in” the building and to protect the site to
the fullest extent possible from the upcoming winter
weather. The site storm drainage system has been
completed and is ready to receive runoff from the
Laser Building and OAB roof drains. The Target
Building will not have the roof constructed and will be
open to weather this coming winter. Regrading and
surface treatment of the site to allow for proper
drainage will occur in October to permit access and
laydown through the coming winter. Storm Water
Pollution Prevention Plan requirements are scheduled to
be completed during October. The NIF Site
Winterization Plan will be reviewed by wet weather
specialists, EarthTech, and finalization of the plan will
occur in October.

• FY98 DOE/OAK Performance Measure m e n t
Milestones completed this quarter included:
“OAB Start Structural Steel Erection,” achieved
in June; “Laser Bays: Complete Structural Steel
E rection,” completed in August; and “Power
Available,” completed in August.

• Nielsen Dillingham (NDBI) completed ere c t i o n
of structural steel for the OAB Corridor and is
substantially complete with all steel erection for
CSP-4 Phase I.

• Activities increased in the OAB in September as
m o re trades manned the site. Midstate Steel
nearly completed their work, including the roof
truss punch list. Magnum Drywall mobilization
o c c u r red in September; they installed studs
around the perimeter of the building and, by the
end of the quarter, were ready to start sheathing
installation (see Figure 1).

• Work by CSP-6/10 continued in all four areas of
the Ta rget Building. The target pedestals have
been constructed up to the ring at elevation 
–8’-9” (see Figure 2). The radius wall up to ele-
vation –3’-6” is formed on one side with re b a r,
and embed/blockout installations are nearing
completion. The radius wall pour from eleva-
tion –21’-9” to –3’-6” is taking longer than
expected, but the complexity and need for preci-
sion of the blockouts and embeds is very criti-
cal. This pour and the similar one higher up on
the radius wall from elevation 48’-0” to 68’-3”
a re the most difficult pours on the pro j e c t ;
therefore, the extra time required to assure they
a re c o r rect is justified. Despite the extra time
used, the milestone for installation of the Ta rg e t
Chamber has not slipped. The first lift for
S w i t c h y a rds 2 and 1 walls up to elevation 3’-6”
have been completed on all three sides. Forms for
walls in Switchyard 2 are being jumped for the
next lift in October. The south wall of the
Diagnostics Building basement was placed in
S e p t e m b e r. Curre n t l y, CSP-6/10’s schedule meets
the critical milestone dates for installation of the
Ta rget Chamber and Switchyard stru c t u res. 

• The bulk of the Site Utilities scheduled for this
year were completed in the fourth quarter by

FIGURE 1. Installation of metal studs in the OAB.
(40-60-0998-1855#11)
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Hensel Phelps (HPCC). The Site Utilities are
continuing (but are winding down): including
installation of temporary/permanent duct-
banks around the OAB, south side of the site,
and sectionalizing switches and vaults north of
CB4. Complete installation of the storm drain
system will occur in October. In addition,
HPCC completed erection of Central Plant
s t ructural steel as well as completed forms,
re i n f o rcing, and placement of Cooling To w e r
walls. The placement of concrete on the metal
deck was completed for parts of Core Are a s
“A” and “B” elevations 28’ and 47’-6”. Wi t h i n
LB2 and CB4, HPCC began installation of
underslab precast duct in LB2 and began instal-
lation of underslab conduit in CB4. The installa-
tion of LB2 overhead platform up to Column
Line 24 was completed and HPCC began instal-
lation of mechanical, fire sprinkler, and electri-
cal rough-in off of the platform. Work by CSP-9
in the core area was under way at both mezza-
nine levels. CSP-9 overhead rough-in work in
Laser Bay 2 (utilizing the overhead platform)
was off to a good start and pro g ress appeare d
to be at or above the originally scheduled pace.

Special Equipment

Design Reviews continued to be successfully held at
both the Mid-Title II (65%) and final Title II (100%)
design levels. Design closure and drawing production
were slower than planned, but critical path designs

were on schedule. Awards were made for the Laser
Bay structures.

During the fourth quarter, many of the Special
Equipment Title II Engineering activities were brought
to an end. Title II 65% Design Reviews were held for
the OSECS Safety Interlock and Video Surveillance
System and for the Transport and Handling System.
The final (100%) Design Reviews were held in July and
August for the Alignment System, Pockels Cell, the
Mechanical Utilities, the Optical Design, the Gas
Handling System, the Laser Auxiliary System, and the
Safety System. Ten final (100%) Design Reviews were
conducted in September, including Final Optics
Damage Inspection/Pulse Synchronization, Output
Sensor/Relay Optics, Optical Mounts, Target
Positioner, Target Area Structures, Main Laser
Alignment, Optical Pulse Generation, Power and Back
Reflection Sensor/3ω Energy/Portable Sensor/Energy
Diagnostics/Power Diagnostics, Target Chamber
Vacuum, and Laser Amplifier. Final Documentation
Reviews were held for the Switchyard 2 Support
Structures Procurement Documents, the Switchyard
Tube Enclosures Design and Procurement, and for the
Laser Bay Support Structures Concrete Pedestals.

Laser Systems. The optical pulse generation (OPG),
plasma electrode Pockels cell (PEPC), and amplifier
subsystems each held well-received 100% Title II
Design Reviews during the fourth quarter. The fabrica-
tion drawings are now complete, or nearly so, in each
of these areas. The emphasis is now shifting to procur-
ing and assembling hardware for the first bundle. In
the Power Conditioning area, assembly of the First
Article module essentially realized the baseline capaci-
tor bank design for the NIF. Over 1000 shots were
accumulated at full NIF current levels.

• The OPG 100% Title II Design Review was com-
pleted in September. This milestone re p re s e n t e d
a shift in the team’s focus from design to pro-
c u rement and fabrication. The current plan calls
for an integrated test of the OPG hard w a re in
Building 381 prior to reinstallation in the LTA B .
A major focus of the OPG team during the past
quarter has been identifying and testing a dis-
tributed feedback (DFB) oscillator connected to a
high-gain fiber amplifier to provide the re q u i re d
input pulse to the master oscillator fiber distri-
bution system. DFB oscillators from two vendors
w e re evaluated and both demonstrated excellent
single-mode operation. The requisite power and
noise levels were achieved using a high-gain,
double-pass fiber amplifier. Testing of the
Stimulated Brillouin Scattering (SBS) fail-safe cir-
cuit (intended to prevent propagation of a pulse
with inadequate bandwidth to prevent SBS)
began during the last quarter and pro d u c e d
encouraging results. A new circuit approach in

FIGURE 2. Shoring and forming for the target bay pedestal. 
(40-60-0998-1942#08)
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the arbitrary waveform generator was tested
and was shown to reduce the electrical noise to a
level consistent with meeting the stability
re q u i rement during the “foot” of the Haan pulse
shape. This change allows the vendor to pro c e e d
with the final design of the pulse shape genera-
tor for the NIF. The prototype preamplifier mod-
ule demonstrated all of its key performance
re q u i rements including energy and phase erro r
during this quarter, adding substantial cre d i b i l-
ity to the design.

• The 100% Title II Review of the Amplifier was
held as scheduled in September. The 13-volume
Amplifier design basis book was pre p a re d ,
reviewed, and submitted to the NIF document
c e n t e r. Approximately 95% of the drawings of
the Amplifier components were submitted to
the NIF Project Database Management system,
and approximately 30% of the assembly, inter-
face, and assembly equipment drawings were
completed. All interface control documents were
completed and are under configuration contro l ,
though some will be modified as the interfacing
system designs evolve. Approximately 75% of
the supporting calculations were completed,
and many but not all of the design implementa-
tion plans were pre p a red. The failure modes and
e ffects analysis and re l i a b i l i t y, availability, and
maintainability analyses were updated for Ti t l e
II. A 700-shot cleanliness test was completed
using the AMPLAB amplifier. The results indi-
cated that damage growth on a slab in the
amplifier is consistent with achieving the
recently modified operational contamination
damage levels proposed by the Project Scientist
(beam obscuration <1% and no damage site
l a rger than 1 mm). This result indicates that NIF
contaminant levels can be achieved at installa-
tion and that in operation, the slab damage lev-
els are within acceptable replacement limits. 

• The PEPC subsystem also completed a very
successful 100% Title II review during the
fourth quarter. There were very few action
items generated by the reviewers, and
responses have been completed for all of them.
All of the mechanical drawings for the PEPC
subsystem are complete, and the pro c u re m e n t
p rocess is under way at an aggressive pace to
attempt to benefit from a slack period for
machine shops that traditionally support Silicon
Valley companies. During the past quarter, the
emphasis was on demonstrating acceptable
switching performance over a 100-ns time win-
dow to enable appropriate timing of targ e t
backlighter beams. The re q u i rement was met
after minor modifications to the switch pulse
termination resistors to sharpen the rise and fall

times of the pulse, effectively broadening the
“in spec” portion of the pulse. Control system
software testing has begun in the prototype lab-
oratory to demonstrate proper controls opera-
tion and robustness for operation in the Pockels
cell electromagnetic interference environment.

• The NIF First Article capacitor module was
assembled during the fourth quarter. Roughly
1000 full-current shots were completed, and the
lifetime of the switch under NIF-like operating
conditions is consistent with predictions. Late
delivery of the flashlamp load, coils, and cables
consistent with the baseline design resulted in
the use of the old prototype parts for these initial
tests. There f o re, the waveshape and charge volt-
age are not yet re p resentative of the NIF. Module
operation consistent with the amplifier re q u i re-
ments is planned for the first quarter of FY99. An
e n v i ronmental, safety, and health (ES&H) re v i e w
of the module design and operation concluded
that the gaseous effluent from the switch contains
s u fficient ozone and nitrogen compound levels
that an outside exhaust vent is needed. The noise
level and other safety-related controls were
found to be acceptable.

Beam Transport System. In this quarter, major fabri-
cation contracts were awarded, mill order material was
shipped, and production of Laser Bay structures and
vessels was ramped up after completion of shop draw-
ings and quality assurance submittals. Shop operations
during this period included welding fixture fabrica-
tion, plate cutting, and structural member preparation.
These 11 contracts are currently on schedule to meet
the installation milestones.

The Beam Transport System acquired government
excess material-handling equipment for upcoming
installation activities, including an Oshkosh diesel
prime mover, a 45-ton Taylor forklift, and a 60-ton
capacity battle tank trailer. These assets are now at
LLNL for the cost of shipment and are fully operational.

Laser Bay concrete structure and Switchyard 2 struc-
ture design drawings were released for construction
change order quotations from the existing
Conventional Facilities contractors. The mill order for
Switchyard 2 tube steel was awarded in August.
Auxiliary Subsystems completed the Title II Design
Reviews for the Gas Handling System, Amplifier
Cooling System, and Conventional Utilities. All ampli-
fier cooling fan units have been received and are cur-
rently stored in the laydown area awaiting installation
into the LTAB. Other activities include the following:

• P roduction of the stainless steel plate neare d
completion. Vacuum vessel fabrication activities
a re proceeding with the three selected contrac-
tors. Two contractors completed pre l i m i n a r y
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documentation, and their fabrication activities
a re proceeding on schedule. Fabrication plans
and procedures are being reviewed and revised
with the third contractor to ensure compliance
with the specifications and drawings.

• The drawing packages for the Switchyard 2
beam tube enclosures are complete, and the
p ro c u rement requisition is pre p a red and sub-
mitted for request for proposals (RFP) re l e a s e .
The specification for the Switchyard and
Interstage Beam Enclosures was updated and
revised, incorporating design review comments
and other recommended changes learned dur-
ing ongoing fabrications for the vessels and
beam tubes.

• The Airlock/Sliding Door feature of the Roving
Enclosure was removed to reduce costs. Roving
E n c l o s u re design will continue to include fea-
t u res that can accommodate future installation
and conversion on a “Not to Preclude” basis.

• Design detailing is proceeding on the interstage
docking frames at the Spatial Filter (SF) end
vessels. Engineering review and design check-
ing remain to be performed. Design develop-
ment and detailing is behind schedule on the
l a rge interstage components at the switchyard
wall. These stru c t u res must be fabricated and
installed into the Laser Building before closure
of the facility holdouts.

• The Title II 100% Design Reviews for the
Amplifier Cooling System, the BTS Auxiliary
Subsystems, Gas Handling system, and the
Mechanical Utilities, which included Fire
P rotection as well as Lighting and Power sub-
systems, were completed. 

• The mill order for Switchyard 2 tube steel was
awarded in August. The Title II 100% procure-
ment review was held in preparation for the
change order proposal solicitation from the
CSP–6/10 contractor.

• The Cavity Spatial Filter Optical Bench,
Transport Spatial Filter Optical Bench, Injection
S t ru c t u re, and Preamplifier Support Stru c t u re
Safety Notes were completed. Contracts were
a w a rded for the Main and Power Amplifiers,
Laser Mirror 1 structures, Cavity and Transport
Spatial Filter optics benches, Injection
S t ru c t u res, Preamplifier Support Stru c t u re s ,
and Periscope structures.

The Optical Mounts Title II 100% Review
was held in September. Final designs were pre-
sented for spatial filter lens cassettes, the injec-
tion system, cavity mirror/polarizer mounts,
shutter/beamdump, Switchyard transport mir-
rors, and Target Area transport mirrors.

• A full-size rectangular test mirror with “holes”
drilled in the back was mounted and evaluated

i n t e r f e rometrically (the mirror was tested verti-
cally and in the down-facing orientation shown in
F i g u re 3). This test is part of the validation plan
for the transport mirror attachment concept and
mount design. The preliminary results indicate
that the observed distortion is less than pre d i c t e d
f rom finite-element analysis. The results to date
indicate that the so-called “expanding mandre l ”
design will hold the mirror sufficiently well.

Integrated Computer Control System. Title II
design progress is satisfactory. Seven out of a total of
eight scheduled 100% reviews have been completed.
Two reviews were completed during the fourth quar-
ter: the Integrated Safety System and the Automatic
Alignment System.

• At the end of September, the controls team accom-
plished the last of the FY98 Cost Account Plan
milestones. These milestones, scheduled some
fourteen months ago, were transformed into a
much larger software delivery: the first integrated
p roduction prototype (code named Nightlight),
consisting of incremental deliveries of 8 supervi-
sory and 15 (out of 18) front-end processors (FEPs)
(see Figure 4).

This prototype (the first of seven planned) had sev-
eral major goals:

• Risk mitigation by early execution of important
functions.

• Testing frameworks in actual use within 
applications.

• Gaining experience and confidence with soft-
ware tools and engineering processes.

FIGURE 3. Transport Mirror Mount testing at use angle.
(40-00-0199-0193pb01)
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• Activating the independent software testing
capability.

The theme of this first prototype was the vertical slice:
the execution of initial functionality in each subsystem
using either emulated or prototype hard w a re. Most
slices included both supervisory and FEP functions; a
few were limited to FEPs only. Almost all slices made
use of the reusable frameworks upon which all contro l s
s o f t w a re will eventually be built. Those that did not con-
centrated upon important application-specific behavior.
In addition, significant new work was done on frame-
works prototyped or designed earlier in the Pro j e c t .
Among these were the message logger, the sequence
c o n t rol language, the graphical user interface, the sam-
ple (or generic) application, and the shot life cycle.

To date, the vertical slices for target diagnostics, laser
diagnostics, PEPC, integrated timing system, special
imaging sensors, graphical user interface, and the sam-
ple application have been demonstrated—the first of
t h ree steps that certify completion of the software deliv-
ery: (1) demonstration to a project management team
m e m b e r, (2) placing the software under configuration
c o n t rol, and (3) independent testing of the software. 

Due to the complexity and importance of the shot
director and power-conditioning slice, its delivery has
been delayed to the end of October. Because effort was
redirected toward the graphical user interface portion
of the sample application, the industrial controls verti-
cal slice was also delayed to the end of October. The
remaining slices are expected to be demonstrated in
early October.

A major goal of Nightlight was validation of the
distributed software architecture and the implementa-
tion process. While not every goal was achieved in this

release, the important risks were successfully
addressed and confidence was gained that the soft-
ware needed to control the first bundle can be incre-
mentally completed by repeating this process. 

• The example supervisor software that will serve
as a pattern for all eight NIF subsystems was
constructed and tested. This demonstrates how
the supervisory arc h i t e c t u re is to be deployed
and how each program is connected to the
database, framework services for configuration,
system manager, monitor, message logging, and
graphical user interfaces. The new generic
supervisor is analogous to the generic FEP that
has been in use for several months. The new
component adds a number of features needed
by supervisor-level code: public and private
internal objects for upper-level controls, com-
munication with one or more graphical user
interfaces, and bidirectional connections
between distributed objects.

• Berkeley Nucleonics presented a satisfactory
design review for the prototype Integrated
Timing System delay generator in September.
About 200 units are needed for the NIF. They
have selected an acceptable optical receiver and
a re pro g ressing on the basis that it will meet
re q u i rements, while also testing a discre t e
design intended to reduce propagation delay as
a function of optical power level.

The version of the timing FEP for Nightlight is com-
plete and delivered to the software test team. It con-
sists of a computer crate containing actual NIF
hardware, except that a similar 4-channel delay gener-
ator was substituted for the custom 8-channel NIF
delay generator currently under development. The
Nightlight FEP provides a complete vertical slice of the
architecture using the supervisory frameworks (system
manager, configuration server, generic FEP, and graph-
ical user interface) to create devices for trigger chan-
nels, trigger diagnostics, and precise trigger
diagnostics. The software provides the ability to set
delays, enable/disable channels, create epochs and
activate triggers as well as measure and read the resul-
tant delay using two types of time interval meters. The
release demonstrates integration under both Solaris
and VxWorks operating systems. 

• The 100% Design Review of the Integrated
Safety System was conducted in July, and the
Automatic Alignment 100% Design Review was
p resented in August. System operations for
optics inspection were analyzed and docu-
mented in the Preliminary System Analysis for the
Damage Inspection Control System. In summary,
the inspection of vacuum-loaded optics in the

FI G U R E 4. Nightlight software demonstration at the test bed operator
c o n s o l e . ( 4 0 - 0 0 - 0 1 9 9 - 0 1 9 4 p b 0 1 )



A-8

PROGRAM UPDATES

UCRL-LR-105821-98-4

spatial filters and final optics assembly (FOA)
will re q u i re slightly more than two hours.
Amplifier cooling time and the brief targ e t
chamber center keep-out period extend the
maintenance access time to as long as thre e
hours following the shot. Inspection time is
dominated by mechanical actions times. For
example, repositioning the roving mirr o r
assembly accounts for 24% of this time.

• Integration activities have concentrated on the
project-wide tasks required to develop and test
Nightlight. Preliminary planning also began on
deployment of integrated software for the sec-
ond production prototype (“Penlight”) that will
f e a t u re software operation and testing in the
P reamplifier Module and input sensor pro t o-
type labs. 

Optomechanical Systems Management. Title II
100% Design Reviews were held for Optical Design
and Optical Mounts. Detail drawing checking and
final approval is lagging in Optical Mounts (spatial fil-
ter lens cassettes have been completed; others are in
creation or checking). The Title II Design Review for
Final Optics was delayed about one month to allow
for additional scientific evaluations of the final
Beamlet campaign results. About 60% of the detail
drawings for Final Optics are approved or in checking.

Optical Design. Design and analysis activity has
been focused on completing the detailed optical
design, manufacturing tolerances, and specifications
for small optics subsystems (e.g., output sensor relays
and preamplifier beam transport).

• The Optical Design Title II 100% Review was
held in July. The presentation included the
review for compliance, Main Laser system opti-
cal design, Switchyard/Target Area mirror sys-
tem optical design, final optics optical design
status, larg e - a p e r t u re optics specification and
drawings, and stray light control.

• Some follow-up ghost analysis was conducted
for the Main Laser, diagnostic system, and the
final optics. In the Main Laser model, mechani-
cal elements (e.g., beam tubes) were added so
that the analysis of stray light paths could be
completed. A worst-case target back re f l e c t i o n
was modeled in the FOA to determine ghost
fluences in the 3ω calorimeter chamber. A sim-
plified model of the 1ω diagnostic system was
constructed; a second-order ghost analysis pro-
vided useful feedback for the final optical
design.

• The optical model for the FOA was completed;
the configuration will be described in an upcom-
ing revision of the configuration drawing. Final
revisions included detailed ray tracing of the 1ω

diagnostic reflection from the focus lens and trans-
fer of optical design data to Pro - E .

• The “Small Optics Summit” was held in
S e p t e m b e r. Representatives from 66 optics and
optomechanics manufacturers attended this
very successful one-day event. The morning ses-
sion comprised presentations from the responsi-
ble engineers who will deliver line re p l a c e a b l e
units (LRUs) containing small optics (≤150 mm
diameter) to the NIF. In the afternoon, the ven-
dors set up displays in a tent, allowing NIF
P roject and other LLNL personnel to come by
and ask questions about the capabilities of each
supplier of interest to them. 

Optical Components. All NIF optics Title II Design
Reviews were held in September except the KDP
Crystals. The reviews focused on progress to date 
of facilitization at vendor sites and at LLNL and 
validated readiness to proceed with Title III and with
pilot production. 

The contract for 13.5 metric tonnes of Nd salts was
negotiated and is ready to place early in October with
FY99 funding. This will support the first production
runs of laser glass for Hoya and Schott. The NIF
Amplifiers (slabs), NIF Lenses, NIF Mirrors, NIF
Polarizers, and NIF Windows 100% Title II Design
Reviews were completed in early September. The NIF
QA/Metrology and NIF Processing Title II Design
Reviews were completed in early September as well.

Laser Control. Four Title II 100% Design Reviews
were presented in August. Taken together, they cov-
ered Main Laser alignment, the output sensor package,
the beamline to output sensor relay optics, final optics
damage inspection, pulse synchronization, power sen-
sors, the 3ω energy module, portable streak camera,
back-reflection sensor, FEPs for energy diagnostics,
power diagnostics, and special charge-coupled device
sensors.

• The last of the input sensor drawings, namely
the sensor assembly drawing and the test stand
base plate and rails are now expected to be com-
pleted in October. 

• Updated cost estimates for the beamline center-
ing references were found to be higher than the
plan, and efforts were made to simplify their
implementation. A significantly less expensive
approach to the centering reference on the FOA
was identified.

• Optical design was begun for the spatial filter
tower test stand that will be used for assembly
and test in the OAB.

• Assembly of the Target Alignment Sensor hard-
ware began. If performance meets expectations,
this unit will be designated for use in the initial
operation of the NIF.
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• The number of FEPs was reduced in the plan
from 108 to 100 to implement a decision remov-
ing motors from those mirror mounts in the
Switchyard and Target Bay that are not part of
the closed-loop control system.

• The optical alignment section of the acceptance
test plan has been verified on the pro t o t y p e .
Other parts of the test plan, including motion
tests of the motorized components, will be
checked for suitability when the motor contro l
electronics are added to the test stand. 

• E fforts began to establish test capability for
accurately measuring the reflectivity of 1ω s o l -
gel coatings in the 0.1% range. A pre l i m i n a r y
capability was demonstrated using recent sam-
ple sol-gel samples.

• End-to-end tests of the power measure m e n t
instrumentation were completed in August. The
results, which included a demonstrated pre c i-
sion of 1.5%, were documented during
September and satisfy the appropriate part of
the NIF power balance error budget.

• Disassembly of the precision diagnostics proto-
type systems in Beamlet was completed, and
components were readied for storage.

• Tests on the LLNL deformable mirror prototype
went very smoothly. The mirror clearly met the
range specifications and showed a pre l i m i n a r y
residual error of about 0.04 waves (rms surface)
c o m p a red to the specification of 0.025 waves.
The LLNL mirror is currently the only one of
the three prototypes whose performance com-
pares reasonably with NIF requirements; it will
appear as the baseline for this review.

The adaptive optic was identified as a high-
risk system component to be reviewed by the
P roject Risk Management Group. This gro u p
will review test data, modeling results, and
other aspects of deformable mirror status as a
basis for recommending a plan to complete
development activities. 

Target Experimental Systems. All 18 sphere plates
have had their weld joint configurations machined on
the edges and the inside surfaces smoothed (grinding
marks removed) and have been shipped to LLNL. The
last three are en route. The first three plates were
installed on a welding fixture inside the temporary
enclosure and welded to form a subassembly. PCC
moved from the machining of the sphere plates to the
fabrication of the weld necks. All of the cylindrical
pieces are completed and the flanges are now being
welded to them.

• The 60-foot-diameter, 62-foot-high, cylindrical
enclosure, built on the E7 parking lot, which is
to be used for the construction of the targ e t

c h a m b e r, was completed. It is now being used
for the welding of the first three sphere plates
that form the bottom of the chamber. Yet to be
installed is the HVAC for the building, planned
for October.

• The chamber gunite shielding (hereafter known
as shotcrete) design was reviewed by LLNL. An
alternative design was proposed and analyzed
by Project personnel. The result was a system
that would provide shielding but not become a
s t ructural member (composite) with the targ e t
c h a m b e r. This simplified design was discussed
with two potential shotcrete installers who felt it
was a very workable installation. The system
consists of wire mesh attached to the chamber
with studs on a 1.3-foot spacing. Additional lim-
ited rebar will be used around the weld necks,
which will be isolated from the shotcrete by a
b a r r i e r.  This concept greatly reduced the
amount of engineering and installation time for
the shielding.

• The prototype stainless steel beam dump was
removed from the Nova chamber at the end of
J u l y, and another fused silica optic was placed
in the chamber after the prototype was removed
to use as a baseline in the optic damage tests.
The stainless steel beam dump showed no signs
of catastrophic damage, and there was no evi-
dence of excessive amounts of elements of stain-
less steel in the chamber. 

• The target chamber vacuum 100% Title II
Design Review was held in September. The first
revision of the equipment specifications for the
target chamber cryogenic high-vacuum pumps,
gate valves, tritium gas-roughing pump, and
turbodrag high-vacuum pumps was completed.

• The target positioner 100 % Title II Design
Review was held in September.

• A web page has been developed to share diag-
nostic design information with re p re s e n t a t i v e s
f rom LLNL, SNL, LLE, Los Alamos National
L a b o r a t o r y, and Atomic Weapons Researc h
Establishment (AWE), U.K. The web page is inter-
nally accessible to LLNL experimenters and will
soon be password accessible to NIF diagnostic
users at other DOE sites. Discussions are taking
place with a working group of people from other
test facilities and labs to establish standards for
diagnostics and their associated control and sup-
port equipment so that diagnostic can be used at
multiple test facilities.

S o f t w a re Requirements Specifications (SRS)
and Software Design Descriptions (SDD) docu-
ments for Embedded Controller Software and
FEP Software have been started. These will form
the foundation of the Ta rget Diagnostics FEP
and controller SRS and SDD documents.
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• The Diagnostic Instrument Manipulator (DIM)
drive system is now being manufactured. The
t rolley is finished and has been fitted onto the
bench. The electronic rack has been finished
and is awaiting checkout. The DIM extension
tube was being fabricated in the United States.
The extension tube will be completed by the
end of September and shipped to AWE early in
October.

• In September, the 100% Title II Design Review
was conducted for the engineering of the major
m i r ror frame structural components. This
included the target chamber pedestal, the mir-
ror frame supports and enclosures, the seismic
restraints, and the FOAs.

• The peer review team met with the NIF team in
August and reviewed the revised calculations
for the seismic loads applied to the top of the
pedestal and the target chamber to floor. They
a g reed with calculations presented and sup-
ported the use of a steel encasement around the
upper ring beam to increase the load-bearing
capacity and increase the safety factor. The steel
encasement was fabricated and delivered and is
awaiting incorporation into the pedestal.

• The Tritium Environmental Protection Systems
work has been delayed until 2004 to be able to
p re p a re for the introduction of tritium into the
facility in 2005. The exception to this delay is the
stack monitoring system, which will be in place
for first bundle.

• The prototype 2 degre e - o f - f reedom Integrated
Optics Module (IOM) handling fixture (see
F i g u re 5) was successfully tested on the FOA
test stand in Building 432. The fixture was
tested at angular orientations of 130°, 135.5°,
1 5 0°, and 156.5°, which re p resent the positions
of IOM units on the lower half of the targ e t
c h a m b e r. These initial tests have validated the
basic concept. All drive mechanisms, alignment
features, and installation procedures worked as
planned. Deflection of the IOM translation arm
was within tolerance with no interference with
adjacent IOM units. All tests were conducted
with a 125% test load of 1050 pounds.

• The FOA 100% Title II Review presentation was
delayed by approximately one month until
November to allow more time for scientific
review of the last Beamlet tests using the final
optics cell (FOC). The Project Scientist has been
leading the scientific review of the data and estab-
lishing priorities for future work. The last series
of shots (high-damage-threshold campaign)
tested frequency conversion crystals, focus lens,
and diffractive optics plates in a configuration
similar to the NIF optical design. (There are some
d i ff e rences between the optomechanical configu-
ration in Beamlet and the baseline NIF configura-
tion.) Optical damage was expected and was
observed; however, it is taking some time to
reduce the data, understand the mechanisms, and
determine the contributing factors.

• The frequency conversion technical manage-
ment plan has succeeded in establishing a firm
understanding of frequency conversion perfor-
mance for the NIF final optics design (i.e., sig-
nificant factors, status of technology, erro r
budget). Requirements from a detailed erro r
budget have been flowed down to metro l o g y
equipment, crystal fabrication, coating perfor-
mance, and mount tolerances. There is very
good correlation between analysis pre d i c t i o n s
and experiment.

• The ghost analysis of the IOM was completed
during the quarter. The baseline absorbing
material is a PTFE (Teflon) product with a
trade name of Spectralon. This material selec-
tion is based on adequate damage thre s h o l d ,
fabrication/installation ease, and cost.
Extensive ghost mitigation measures have been
incorporated into the FOC final design.
Additional measures can be implemented if

FIGURE 5. IOM 2-dof fixture with IOM in fully retracted position.
(40-00-0199-0195pb01)
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f u t u re tests and First-Bundle operation indi-
cate that they are needed.

• Integrated testing of the fully assembled FOA
p rototype hard w a re began in the high bay of
Building 432. The vacuum/venting sequence
evaluations will confirm (or suggest modifica-
tions to) the final design details of the debris
shield module, pumping rates, and so on. 

• A modification to the FOA debris shield cassette
frame is shown under test in Figures 6 and 7.
(The tests are conducted in a clean, enclosed
hood with particle measurement wafers beneath
the hard w a re.) Particulate generation has almost

been completely eliminated with this design,
which uses a solid stainless steel guide bar.

Operations Special Equipment

This has been a successful quarter with good
progress in detailed design and prototype testing.
Several DOE milestones were completed, including
large procurements and design reviews. Preparations
are currently under way for hardware installation in
the OAB scheduled for October 1998.
• A number of significant changes for the OAB

w e re agreed to in August during an LRU storage
re v i e w. The IOM assembly area, Cave, and shut-
ter assembly have been moved to Building 391.
Space available in the OAB resulting from the
location changes will be used for storage of
LRUs. A complete 3D model of the animation
sequence is being developed for formal re v i e w.
This 3D integrated model will show extensive
stay-out zones and will hopefully prevent major
i n t e r f e rence and space conflicts for the OAB, the
c o r r i d o r, and the LTAB aisles.

• The Transport and Material Handling 65%
Design Review was successfully completed in
August. Also an installation schedule is being
developed for the T&H systems going into the
Laser Bay Facility.

• The 65% review for T&H FEP controls was com-
pleted. The SRS for Bottom Loading, To p
Loading, and Side Loading are nearly complete,
which includes the re q u i rements specification
for the electronics, sensors and actuators, I/O
boards, and software.

• The contract was awarded in August to AGV
P roducts, Inc. for the fabrication of the hard-
w a re and software of the Laser Bay Tr a n s p o r t
System. Fabrication has begun, parts have been
o rd e red, and the contract for the large fabrica-
tions has been awarded.

• Detailed design, prototyping, and pro c u re m e n t
a re in process for the Optical Assembly and
Alignment Design. All drawings and pro c u re-
ments for equipment that will be installed in the
OAB during October/November are complete.
A new installation plan was also completed for
equipment to be installed between October and
November. 

Start-Up Activities

• Level 0-3 Integrated Project Schedule (IPS) mile-
stones are on track. The Ta rget Area constru c-
tion, CSP-6/10, is currently ahead of schedule.
With the inclusion of the subcontractor baseline
schedule for Conventional Facilities CSP-6/10,
the IPS now contains all facility constru c t i o n

FIGURE 6. Debris shield cassette frame. (40-00-0199-0196pb01)

FIGURE 7. Cassette frame guide bar. (40-00-0199-0197pb01)
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baseline schedules. An Engineering Change
Request has been submitted that modifies the
P roject milestone dictionary to be consistent
with CSP-9 dates and definitions, excluding the
c o re area of the Laser Bay for which work-
arounds are still under evaluation. First-bundle
installation details in Laser Bay 2, which have
been in planning off-line for several months,
have now been added to the IPS database. 

• A significant effort was devoted to preparing for
the detailed review of the NIF First Bundle Start-
Up Plan in July. The review was held for a com-
mittee that included reviewers from the NIF
P roject, the ICF-NIF Program, SNL-Albuquerq u e ,
UR-LLE, and LANL. The major goals of the
review were to inform the Project staff on the
detailed plans for First-Bundle Start-Up and to
collect detailed feedback on the operational test
p ro c e d u res and their interfaces. Both goals were
successfully achieved. A draft revision of the First
Bundle Start-Up Test Plan was completed and is
p resently being proofed and edited. This draft
revision included a review of all sections except
the “Beam Transport to Ta rget-Chamber Center
and Final Optics Assembly Tests” and the “Beam
Smoothing Tests.” Further revision of the
“ A m p l i f i e r-Gain Test” section is being considere d
to add a subsection to discuss an on-line ampli-
fier cleanliness test. Once the revision is com-
pleted, the Start-Up Plan will serve as the basis
for the FY99 planning activities, including the
writing of detailed operational test pro c e d u res. It
will provide the interfaces to the Master Test Plan
and contain sufficient information to create a
re s o u rce plan and detailed schedule for execution
of the first bundle start-up testing.

• The computer controls software acceptance test
team’s largest effort was developing system test
p ro c e d u res for the ICCS Nightlight release due in
O c t o b e r. Five formal test pro c e d u res were drafted
for OPG, PEPC, Laser Diagnostics, Automatic
Alignment, and Power Conditioning/Shot
D i re c t o r. The technical staffs from NIF hard w a re
and software development reviewed four of these
test pro c e d u res. The fifth pro c e d u re, Laser
Diagnostics process, has pro g ressed more slowly
due to key development staff focusing on non-
laser diagnostic tasks. The pro c e d u re is expected
to be completed in early October.

• The NIF Laser Operations Model is a code that
will be used by Beam Controls and Diagnostics
to set up the correct operating and diagnostic
parameters to achieve power balance based on
performance parameters of the individual
beamlines and their components. This model
will also provide critical information to support
start-up planning and execution.

• Performance-based training (PBT) infrastructure
development continues, and 16 functional areas
have been identified for the development of
training materials. Operations pro c e d u res are
identified as part of this process. A detailed
schedule has been developed using Project mile-
stones so that training materials will be avail-
able when needed. Thus far, the first two (of
t h ree) phases of the PBT process are complete
for the Optics Processing area, and the first
phase is complete for the OAB area. 

• A draft sequence for conducting facility re a d i-
ness reviews is being prepared for review by the
Project Manager. Planning for readiness reviews
is being coordinated with the ICF/NIF Program,
which is responsible for ICF facilities that are
not part of the LTAB or OAB, but which will
support NIF equipment testing, assembly, or
development. Start-up has hired an ES&H spe-
cialist from the AVLIS program to provide part-
time help planning readiness reviews.

Optics Technology

• Facilitization was in final stages at most vendors
at the end of the fourth quarter as they started
or prepared to start pilot in early FY99. All laser
glass contracts are either in place or will be
placed when the new fiscal year begins. Nd was
in hand at both Schott and Hoya for their pilots.
KDP rapid-growth facilitization at CCI and
Inrad has gone well, and they have made excel-
lent pro g ress growing their first crystals, up to
27 cm in size. Corning was nearing completion
of facilitization. The accelerated fused silica
pilot was awarded early in September and has
begun. 

• Tinsley continued to make excellent progress on
their finishing facility. They demonstrated out-
standing performance with the first four NIF
SF1 and SF2 lenses, which will be the first non-
prototype optics they have made, and that will
be used on the NIF First Bundle. Zygo was mak-
ing good pro g ress with their facility including
resolution of the pitch problem discussed in pre-
vious reports. Initial hiring for pilot production
has begun. LLE and Spectra-Physics continued
to make good pro g ress preparing for their
pilots.

• Metrology issues with the interferometers have
been resolved, and the final units have been
ordered from Wyko. 

• P o s t p rocessing equipment has been arriving
weekly to support the laser glass pilot run that
starts in October. The laser glass pilot contracts
w e re in place for the October start-up. Schott
plans to ship the first laser glass slab to Zygo by
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January or February 1999. The cladding glass
p i l o t / p roduction run is scheduled for January
1999.

• At Hoya, the full-scale furnace frame has been
constructed and the bricking has begun. Several
melter components, the lehr, and several fine-
annealing ovens have been shipped from Japan.
Hoya’s batch mixing room is nearly complete.
Laser glass and cladding glass pilot contracts
a re in place. Hoya starts their pilot in October
with 200 slab equivalents of cladding glass
being produced in Japan, which will support
first-bundle needs. Their laser glass pilot run is
scheduled for January 1999 with the first laser
glass slab shipped to Zygo for finishing by
April 1999.

• A deuterated potassium dihydrogen (DKDP)
boule grown at LLNL reached NIF size at the
end of September. The boule is large enough to
yield 17 NIF tripler crystals, demonstrating sub-
stantial improvement in our ability to contro l
inclusion formation. Optical quality was very
good, but 3ω laser damage threshold has yet to
be measured. A 15-cm KDP crystal rapidly
g rown with constant filtration achieved the high-
est 3ω laser damage threshold of the year and
would be expected to have negligible damage at
maximum NIF fluences. Both CCI and Inrad
g rew KDP boules >25 cm in their shakedown
runs using NIF production equipment.

• The Moore Tool Company continued to assem-
ble the diamond turning machine at LLNL.
Their efforts did not proceed as rapidly as esti-
mated, and it appears that they will need the
month of October to make the machine re a d y
for acceptance tests beginning in November.
Several items associated with the fly cutter and
drive spindles, X and Z slides, and the
t e m p e r a t u re control must be addressed before
the acceptance tests can begin. 

• Corning has completed installation of the new
overarm lapping machine and begun installa-
tion of the polisher. Their new Zygo 24” inter-
ferometer is in-house and will be operational by
m i d - O c t o b e r. The fused silica pilot was
awarded to Corning in early September.

• Tinsley’s lens and window finishing facility
building construction has continued on sched-
ule. Beneficial occupancy and installation of

manufacturing equipment is planned for
November and December. All manufacturing
equipment for the facility has been accounted
for and is nearing completion. Most equipment
has been run and tested in Tinsley’s existing
facility and has been used during an early pilot
production to produce NIF specification lenses.
An award was made to Kodak to construct the
NIF Flexible Finishing Facility, which will be
designed to augment flats finishing capacity for
NIF amplifiers, mirrors, and fused silica win-
dows and to provide a backup for the critical 3ω
focus lens.

• Zygo’s automated cleaning equipment passed
its acceptance tests. LLNL’s software for power
spectral density (PSD) was installed and ru n
successfully on the first 24” Zygo interfero m e-
t e r. Cavity measurements demonstrated the
i n s t rument has an acceptably low noise floor
level. The first NIF demonstration amplifier slab
has been processed through both phases of
edge-cladding bonding, edge machining, and
automated beveling.

• Facilitization work at LLE focused on design
e fforts to reduce the deposition time by the
removal of “hot” substrates, planetary design in
the 54” chamber for complete devotion of the
72”. coater to NIF work, and mount designs for
the laser conditioning stations. All of the facility
modifications were completed at Spectra-
Physics including the cleaning, coating, and
m e t rology areas. The large NIF chamber was
returned to operating condition and re s u m e d
process optimization activities.

• A NIF-size color separation grating (CSG) was
successfully fabricated with the prototype long
h y d rofluoric etch station. This full-sized optic
achieved a 3ω transmission of 89.4% with a
sigma of 0.3%, which is significantly lower vari-
ability than CSGs previously etched by hand.

• The facility modifications for the Building 391W
phase I Optics Processing Research and
Development Area were completed. Balancing
of the air-handling systems and certification of
the clean room is under way. Beneficial occu-
pancy is targeted for mid-November.
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